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OPENING ADDRESS

by

Lieutenant General D.Apostolakis

Chief of the Air Staff, Hellenic Air Force
Holargos, Athens

Greece

Mr Chairman, ladies and gentlemen,

I welcome you to Athina, the city of Athena - goddess of wisdom - as well as to the
area where the legend of Ikarus was created and Hippocrates was born and lived.

The Greeks from ancient time have considered human wisdom as a gift of the gods and
have always honored scientists as special men gifted by nature.

In line with this tradition, the Greek Airforce has made every effort- to create the
best possible environment and working conditions for the scientists of the AGARD Aero-
space Medical Panel attending this Spring meeting.

The topics of both symposia are of great interest to the Airforce. The Hellenic
Airforce, as you can realise from the large participation of our flight surgeons, fighter
pilots, and flight engineers, finds it of the same importance as well.

Perfect vision is the most one can demand from a fighter pilot. Nevertheless, mod-
ern warfare tactics demand super-human vision as, for example, night ,isz.on lke that of
the owl, as well as protective means against blinding laser beams. So, the presentation
of your re';earch work on "Visual Protection and Enhancement" is eagerly anticipated.

"F'uture fighter aircrew wiil have to combine the strength of mind of a scientist anA
jthe musc'il.ar strength of a wrestling champion in order to be able to exploit all fighting

capabilities of the modern high performance aircraft and at the same time, sustain the
rapid onset and prolonged action of high G forces.

What are the medical criteria for selecting future champions among thousands of can-
didate piits? Are there any predictive physical characteristics? A.-d once selected and
trained, what is the optimum physiological traiaing program to keep them in the highest
possible fitness and fighting readiness?

Some of these and other relative questions will hopefully find practical and appli-
cable answers from the presentations of your research work during the second symposium on
"Medical Selection anl Physiological Training of FuLure Fighter Aircrew".

"Symposium" is an ancient Creek word meaning drlnking together. Our ancestors, atS the time of Pleto and .ocrates, very probably on this same spot that we now find our-
selves, used to philosophize staying awake all night while applying the golden principle &

of never overdoing.

Continuous sharing or ctherwise co-drinking ot thoughts, ideas and knowledge for one
week may prove too heavy ýoi most of our minds, so we have arranged for a relaxation break
with a short tour through a picturesque route to ancient Epidayros and the historic town
of Nayplion.

In clos.ng, I would like to stress that the Greeks are peace loving people because
they hie had the bitter experience of numerous wars during the three thousand years of
tnel- history, But, they also know that the best deterrent to war is a very strong de-

-, fence, Your specialty, aerospace medicine, through its contribution to the improvement
of defence is actually helping in stabilising peace.

I wish you success in your efforts and a pleasant stay in Greece.

Vi1i



TECHNICAL EVALUATION HEPORT
by

Dr D. H, Brennan
Royal Air Force

Institute of Aviation Medicine
Farnborough
Hampshire
GU14 6SZ

U.K,

I INTRODUCTION

-_The Aerospace Medical Panel Symposium on Visual Protection and Enhancement was held at the Zappelon
Exhibition Hall, Athens, Greece from April 22 to 24, 1985. Authors from five NATO countries presented
25 papers.

2. THEME

ý'iThe theme of the symposium recognised that vision is the pre-eminent sensory channel through which
the aviator obtains information necessary for the control of his aircraft and the executior of his
operational role. Recognising this importance all reasonable and practical means of enhancing and
protecting vision should be adopted. The papers selected for this symposium considered not only systems
for visual protection and enhancement but also addressed the basic physiological and pathological
mechanisms underlying existing and future solutions.

3. PURPOSE AND SCOPE

75 The purpose of this symposium was two-fold. Firstly to discuss current and future technologies for
the protection of the eyes of aircrew against hazards from impact and non-ionising radiation and to
address the problems of integrating any protective devices within the cockpit. Secondly to consider
means of enhancing vision by new intra and extra ocular lenses, avionic displays, night vision goggles
(NVGs), forward looking infra red (FLIR), io4 light television (LLTVj end helmet mounted displays (HMDs)
and, again, the problems of their integration within the cockpit and with each other. .

The scope of the symposium was both broad and deep and encompassed multi disciplinary experts from
military establishments, hospitals, universities, industrial research laboratories and the aerospace
industry. The expertise of the participants included basic visual sciences, ophthalmology, physics,
psycnology, cockpit design, lighting, aircrew equipment assembly integration and operational flight
problems. The topics that were discussed were wide ranging including the physiology of night vision,
equipment design and development, threat analysis, operational requirements and the correction of
ametropia and pathologically induced visual effects from impact and non-ionising radiation. The
problems of cockpit design and lighting were also considered.

4. SYMPOSIUM PROGRAMNE

The symposium consisted of four sessions, each session addressing different aspects of visual
A protection and enhar cement.

The first session concentrated on 'Devices for Visual Enhancement and their Integration' and mainly,
dealt with NVGs, aithough papers were also presented dealing with FLIR systems, HMDs and the operational
aspects of night flight.

The second session was entitled 'Visual Standards and Corrective Devices' and papers were presented
on the acceptability of various ocular disabilities in flight. The acceptability and flight worthiness
of contact lenses, new spectacle lens designs and intra ocular lenses were also discussed,

The third session 'Ocular Protentive Devices' was concerned with ocular protection against the
hazards of laser and nuclear non-ionising radiation and also with protection against impact and ballistic
fragments. This session discussed both the benefits and deficits inherent in current and proposed
protective devices.

The fourth session on 'Cockpit Integration' was brief consisting of, only, two papers. The first
paper discussed the visual difficulties which can arise in tle integration of head up displays with
windscreens and the second paper emphasised the necessity of relating cockpit displays to human factor
requirements.

5. TECHNICAL EVALUATION

a. Devices for Visual Enhancement and their Integration

The first paper presented this session (Paper No 3 Haidn) was based on experience gained in low
level helicopter flights over a period of eight years. The author detailed the problems in
maintaining intensive operations over several days, against a highly mobile enemy employing sophisti-
cated electronics and weaponry. He discussed the relative advantaves and disadvantages of night
flight, using the dark adapted naked eye, LLTV, FLIR and NVGs. He concluded that NVGs were the
simolest and most cost effective solution. NVGs however, had many disadvantages. These included
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relatively poor resolution, restricted field of view of 40 degrees, difficulties with perspective at
low level and physiological and psychological stress. The primary physiological problem was
caused by the mass of the NVGs causing strair, and spasm of the neck muscles under extreme conditions,
particulaily with aircrew having pre-existing eisease of the cervical spine, such pathology could
be exacerbated. he was particularly concerned with the invertebral discs and also, presumably,
conditions such as cervical spondylosis. Ile considered rsychological stress to be a major problem,
this stemmed from the necessity of maintaining conotant vigilance to avoid collision, without any
possibility of even brief periods of relaxation. This intense concentration when coupled with
disturbances in the diurnal/nocturnal cycle and sleep deprivation caused increased tension and
stress, which often manifested itself in behavioural changes and increased reliance on colleagues,
The authcr discussed the problems associated with vibration and its attendant loss of acuity and
the difficulties associated with cockpit lighting to avo'.d glare in the NVGs. He considered that
fluorescent numerals lit by ultra-violet to be preferable to the generally preferred complementary
blue/green lighting with red filtration. In all this paper presented a valuable- insight into the
problem of night flight from a pilot's standpoint.

The second paper presented in this sec'sion (Paper No 1 - Verona) gave the historical progression
in devices to improve night vision commencing with the searchlight, perhaps fitted with a covert
infra-red filter, to third generation NVGs. The author explained that the first generation tubes
were efficient having a gain of approximately 40,OOOX for a three stag, tube and possessed a
resoltition of 30-36 line pairs per millimetre (LPM). They were robust and long lived but suffered
trom blooming by bright light sources. The second generation intensifiers were smaller and
lighter, these twin advantages being due to the adoption of a micro channel plate (MCP). The MCP
reduced the blooming problem, but the gain is lower and the service life of the tubes is reduced.
The third generation intensifiers employ a gallium arsenide photocathode and have the twin advantages
of sensitivity, which permits their use under starlight conditions and longevity, The resolution
is, also, better than the second generation tubes being at 36 LPM similar to the performance of the
bulky first generation tubes, The author did not foresee the emergence of a still further improved.
fourth generation intensifier.

The third paper presented (Paper No 2 Bohma discussed the two technologies which either amplify
light in the near infra-red 600-900nm or those which amplify thermal radiation predominantly in the
range 8-12/im, The author commenced with a brief review of the performance of the human eye in
terms of light sensitivity and resolution and continued into ocular modulation transfer function
characteristics and the effects of atmospheric transmission. He extended his paper with a review
of the performance of NVGs, LLTV and FLIR presenting a useful table comparing the advantages and
disadvantages of the three technologies, He then gave a description of helicopter trials of pilot
vision systems incorporating helmet mounted sights and displays coupled with a helmet position
sensing device. The displays were driven by either LLTV or FLIR sensors which were mounted on a
steerable platform slaved to helmet position, thus following the line of sight, Retinal rivalry
problems were not encountered with this combination under twilight conditions, After a review of
other systems the author concluded that pilots might find that the optimum system was a steerable
wide field of view FLIR coupled with the use of NVGs. In short, this was a comprehensive and
interesting presentation of night flient using sensors from the dark adapted eye through LLTV to
FLIR.

The fourth paper (Santuccil amplif-ed our understanding of the visual problems created by the
use of helmet mounted displays (HMD), lescribing the results of laboratory and flight testing using
a HMD mock up. Studies such as this are of great value in determining the ability of the pilot to
fuse dissimilar images presented to the right and left eyes. When fusion is absent, attention
alternates between the eyes in response to interest or contrast. At night the problem of retinal
rivalry is reduced but other problems may arise. The author showed that stereoscopic and angular
acuity was reduced in laboratory testing and that pilots in flight tests misjudged height, which he
attributed to the different density in front of each eye (Pulfrich phenomenon). His most importanc
conclusion was that pilots could use the HMD mock up successfully, albeit with reduced performance,
in some manoeuvres. He concluded however, that more studies anc further equipment development were
necessary.

The fifth and sixth papers (Breitmaier presented by Reetz and Genco presented by Susnik)
provided valuable insight as to the state of the art in NVG compatible lighting and to the latest
NVG developments. Author Breitmaier discussed the relationship between spectral response of
intensifier tubes and the various lighting solutions that have been proposed and related these to
the photopic spectral response of tVe eye. This is of considerable interest as blue/green lighting
systems reduce cone acuity whereas yellow/green •'-tems would improve the acuity of aircrew not
wearing NVGs and, would, by apprcximating the hue of the NVG phosphor, be less distracting. for NVG
wearers. The author also preserted a review of luminance levels of cockpit lighting and displays
which would be compatible with ANTIS NVG radiances of external scenes. He cited the example of a
starlit defoliated tree as being, by virtue of its low reflectivity, a particularly hazardous
obstacle whose detection must no' be degraded by over bright cockpit lighting.

Author Genco also discussed NVG compatible lighting systems and described the concept of shared
apertures where a pinhole aperture is placed in the centre of the minus blue f.lter on the intensi-
fier tubes thus allowing a small amount of blue/green cockpit lighting to be seen without, causing
the automatic gain control to function and thus preventing low luminance external targets being seen.
This is one solution to the problem of reading instruments with NVGs focussed at infinity.
Although most NVGs now permit a 'look under' view or permit vision through combiner plates (Cats
Eyes).
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Author Genco also described an ingenious system of injecting collimated flight data onto a
beam-splitter mounted in one NVG barrel, which he styles an NVG head up display (HUD). A similar
result could be obtained by using NVGs already equipped with beam-splitter optics such as Cats Eyes.
Cats Eyes and other NVGs, such as those developed by the Air Force Aeromedical Research Laboratory
with the intensifier tubes angled can increase the field of view by presenting right and left
monocular fields with a central binocular overlap. If the coatings are suitably graduated the
visual distraction caused by the apparent separate right and left fields with a bright overlap area
in the middle, should not be evident.

The seventh and eighth papers (Simmons and Price) were both presented by Col Price. Author
Price gave what was essentially an overview of the night vision devices used in military helicopters
and their aeromedical aspects. Firstly he reinforced the performance characteristics of the
second and third generation NVGs as previously described by Verona. He described the results of
investigations into contrast sensitivity, depth perception and reduction in dark adaptation for
second generation tubes. He postulated that contrast sensitivity and resolution iuld improve but
he expected little, if any, improvement in depth perception or reduction in dark adaptation. The
author described the integrated helmet and display sighting system (IHADSS). In a similar fashion
to that descr3)-u by Bohm, IHADSS presents slaved FLIR imagery to the pilot from a helmet mounted
cathode ray tube (CRT) and a see-through combiner. The imagery nas a FOV of 40 degrees horizontally
and 30 degrees vertically and a resolution similar to that of third generation NVGs. It also
provides flight data symbology. The author was, as yet, unable to comment on the problems'of eye
dominance and retinal rivalry or integration with other head mounted equipment.

Author Simmons described an ingenious device which is in essence a spectacle mounted HUD which
is compatible with NVGs. The left spectacle lens incorporates 4 aspheric mini mirrors each of which
can present a 3 digit number derived from a segment light emitting diode (LED) array. The right
lens derives information from a symbol generator which can present a dynamic pictorial representation
of pitch and roll. The spectacles are fully adjustable so that the information presented to both eyes
can be simultaneously perceived. As worn, the micro spectacle HUD is seen against the green imagery
of NVGs which are worn in front. The device is also useable without NVGs when the symbology is viewed
against the night sky. Tne author described the advantages and disadvantages of the system and also
proposals for its improvement. He concluded that, with development, the micro HUD would have great
utility for selected mission scenarios.

The tenth paper (Bull) whilst accepting that gimballed sensors have been refined considered that
what was needed was a simple system to which a daytime pilot could rapidly become accustomed.
In his opinion NVGs provided the answer as they had an excellent look around capability, combined with
an acceptable field of view and twin tubed NVGs provided failure redundancy. NVGs do have the inherent
disadvantages of limited sensitivity, resolution and dynamic range, coupled with the necessity to look
through a canopy with a device without a true infra-red cap&bility, The author considers that NVGs
should, therefore, be complemented with FLIR imagery on a HUb using a normal complementary filter to
prevent the HUD imagery being seen by the NVGs. This system provides good look around with the Cats
Eyes NVGs enhanced by direct vision of the boresighted FLIR on the collimated HUD under poor meterolugical
conditions. The differing spectral sensitivities of the two devices provided information which neither
device alone could achieve.

The ninth paper (Macmillan) addressed the problems of the integration of NVGs with United Kingdom
protective helmets. The criteria which he regards as essential are that NVGs must be mounted securely
on a stable platform which ensures that the NVGs do not become detached due to vibration or flight
manoeuvres. The mount must permit rapid and easy removal of the NVGs in an emergency. A protective
shield should be provided to protect the eyes and orbits from damage, in the event of a collision.
A shield must not reduce the FOV and may thus require NVGs with an increased eye relief. This increased
eye relief would also permit easier integration with other visual protective and enhancement devices, such
as respirators and spectacles. He then described the advantages and disadvantages of the UK Phase 1A
Asse, bly.

b. Visual Standards and Corrective Devices.

Paper 12 in th~s session 'Minimum Colour Differences, Required to Recognise Small Objects on a

Colour CRT' by P, L. Philips was cancelled.

The eleventh and fourteenth papers (Draeger) consicered the ophthalmological problems of
"airworthiness and the design of new spectacles for use by presbyopic pilots. The first paper highlighted
some of the anomalies In current visual standards particularly those that applied to ground staff such

r• as air traffic control personnel. The author then discussed the problems of contact lenses, intrao(ular
lenses, monocular vision and glaucoma. He considered that many personnel were rejected who were fit to fly

- "and that standards may be too rigid and that each case should be decided on its merits. The second
paper dealt with the problem of presbyopic aircrew who require to read charts and also see instruments
"in different positions such as overhead controls and lateral panels, as well as external vision at
infinity. The author considers that spectacles should not only be related to the man but also the
visual requiremonts of particular aircraft. His recommendation is for tri or quadrifocal lenses with a
lateral asymmetry according to cockpit requirements.

#M Paper 15 (Cloherty) tackled the contentious issue as to whether contact lenses should be on
general issue to aircrew. After a review of the types of currently available lenses he concluded
that high water content (75%) lenses, such as Scanlens 75, were most suitable. He then described
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the results ox environmental trials at IAM Farnhorough in which the soft lenses had behaved well in
all subjects, under all the environmental stresses. Contact lenses have not been placed on
general issue due to the necessity for strict observation of hygiene and maintenance procedures.
These procedures may be difficult to follow when men are on detachment in the field. The author
also listed the problems which may be suffered by contact lens wearers and the remedial solutions.
Contact lenses would solve many problems in aviation particularly those of eye relief and FOV and
may, in the future, with new lens materials requiring less maintenance, be the corrective appliance
cf choice.

Paper 16 (Puntl described the results of a study to determine the behaviour of a spherical
¶ perspex (PMMA) lens and an aspherical gas permeable silicone lens under increasing +GZ forces from

1 to 9G. The aspherical silicone lens proved preferable to the spherical P4MMA lens, which when
subjected to forces in excess of +6GZ began to decentre to an extent which would endanger vision.
This paper again adds support to the use of contact lenses in military aviation, provided a satis-
factory material is found.

c. Ocular Protection Devices.

The 17th paper (Zwick) gave confirmation to earlier studies that prolonged exposure to bright
sunlight conditions can cause a reduction both in the rate of adaptation and in the absolute
threshold achieved on dark adapatation. In his study he compared the dark adaptation in personnel
after 20 hours of exposure to bright environmental conditions. One group was unprotected and the
other wore one of two types of sunglasses with luminous transmittance factors of 18% and 1.3%. The
protected group showed no significant improvnment for central visual function and dark adaptation
for a long wavelength red LED. They did however, demonstrate an improvement in absolute threshold
for a green LED stimulus. This paper makes an important point in emphasising the need for sunglass
protection in personnel exposed to bright ambient conditions particularly where they need to work at
night without electronic aids to vision. Filters for sunglasses should attenuate across the
visible band and protectiin must also extend to the UV(A) and UV(B) bands, Some authors now
suggest that the blue wavelengths from 400-520nm should be attenuated to a greater extent than the
remainder of the visible band, the peak attenuation being centred at 441nm,

The 18th paper (Farrer) gave a brief review of the ocular effects of laser exposure in terms of
pulse duration, repetitive frequency and energy. The author then made a valuable cont-tbution to
the operational use of laser protective eye wear in terms of visual acceptability and the need for
sufficient but not over protection which could render the source invisible and prevent retaliatury
action. He therefore emphasised that any protective device must be threat orientated and produce
the minimal visual deficits.

Papers 19 and 20 (Rehmann) considered the technical requIrements for devices which provide
protection against the ocular hazard of nuclear flash and went on to describo a German development
of a liquid crystal device. The first paper was a detailed set of maihematical calculations which
considered the important parameters of emitted radiation, threat criteria and atmospheric transmit-
tance. These were related to the visual task to be performed considering the pupillary diameter,
blink reflex time, ocular spectral sensitivity and flash blindner3 recovery times foi" different
instrument luminances. The author then presented an interesting curve which p'.otted the recovery
period against weapon yield for two target luminances. This paper should prove a useful aid to all
who are involved in the calculation of the hazard and required level of protection in terms of
density and switch time for protection against nuclear flash. The author then described a Germea
liquid crystal shutter which consists of twin polarisers orientated'at 90 degrees with respect to
each other, between which is sandwiched a liquid crystal cell which, when electrically activated,can rotate the plane of polarisation of light. The light tan thus be in phase with the second
polariser and be transmitted, or be out of phase and grossly attenuated. The principle is very
similar to that of the PLZT device. ThN advantages cf the liquid crystal device are its low
operating voltage, failure to the oper state, and, unlike PLZT, the ability to fabricate large and
curved devices. The current open state transmittance is 25 - 30% and the closed state density
between OD3.0 - OD4.0, the closure time being 75 - 80 micro seconds. 't would be interesting to
compare this device with current PLZT contenders.

The 21st paper (Chisum) gave an interesting insight into the problems of developing laser eye
protection for military personnel. The author cxplained that, many laser protective devices had
marginal acceptability in terms of npectral deficits and over-all luminous transmittance. The
problem compounds if protection is required #t more than one wavelength, particularly with the use of
broad band absorbing materials. Research into dynamic devices has not yet succeeded in developing
a shutter which will protect against the brief (nanosecond) pulse of a Q switched laser. Her paper
continued with a description of holographic filters and discussed their advantages, which she
considered outweighed their diaadvantages, This theme and the prcblen of protection against
ballistic fragaents was continued in the 22nd paper (Beatrice, which was presented by Wolf.

? 1 4 Papers 23 and 24 (Randolph and Zwick) addressed the problems of the lihely visual deficits
occurring as the reqult of battlefield exposure to directed energy sources huch as laser range-finders.
The first author considered the problemn of foveal flash blindness in man whereas the second author
extended this to small punctate lesions of the fovese of behaviourally trained monkeys. Although

both experiments were performed on ýKall samples it was interestin_ to note that small (92 um)
retinal spot sizes from a xenon flash in man, r"eulted in only minor visual deficits with a micro
second pulse width, b-It major defivits when thi pulse was widened to 500 micro seconds.

Mk'

• =.•=.i.. . • .. • • I i I11| | -I

! I I iI i l' | !| lllI 1 {ii



The Zwick study used monkeys and a Q switched laser, emitting a 30 Hertz pulse train. The
image size was a diffraction limited spok of 25 - 50 um, delivered at near ophthalmoscopic threshold.
The results of his experiment show similar changes in loss of transient contrast sensitivity from
2.2 to 38.5 cycles per degree and that recovery times across the spatial frequency spectrum occurred
within 16 minutes. He did not observe any loss of contrast sensitivity after repeated exposure
trials but after several months 3 of tte 4 monkeys exposed demonstrated an increase in contrast
sensitivity for the larger spatial fretjencies. This caused the author to speculate that the loss
of contrast sensitivity over months may be due to photochemical processes and new methods of vision
testing in man should be developed to test both spectral and spatial resolution. If this is not

nne personnel may suffer injury long before it is clinically evident.

Paper 13 (Zwick) described a technique for simulating the visual deficits likely to be incurred
hy lasers or induced by chemical warfare antidotes, benactazine and atropine. The technique could
also be used for other ocular hazards. It consists of determining the contrast sensitivity changes
at selected spatial frequencies for the various stressors and using this information to modulate the
spatial frequency content of digitised omputer stored imagery, The author claims that this method
of degrading imagery to correspord to likely visual deficits should prove a valuable combat t aining
aid.

d. Cockpit Tntegration.

Paper 25 (HulmeO described the problems of parallax shift, binocular sighting confusion with
ground targets and diplopia suffered by some aircrew when using a binocular HUD. Often these
problems are ascribed to a bad HUD and are more frequently suffered by aircrew with good stereopsis.
As HUDs have improted in quality there still remains the problem of an optical mismatch between HUL,
and windscreen and the author recommetids that the difference between the HUD binocular vergence
angle and the windscreen binocular vergence angle should not exceed the limi+s -0.3 mill' radians to
+1.0 milli radians, This may well demand tighter optical standards for windscreens.

Paper 26 (Martin) was essentially a plea for greater human factors involvement in cockpit
design, particularly with the new generation of compact cockpits and multi function controls. The
author postulates that some aircraft accidents attributed to pilot error may be due to a misunder-j standing of aircraft generated information caused by human factor problems in the man machine
interface. We must all agree that the participation of physiologists, vision experts, psychologists
and others in cockpit and instrument design should improve aircrew performance and reduce the
incidence of accidents f,,om pilot error which can be ascribed to failures in man related cockpit
deýgLn.

S6. CONCLUSIONS

L. There SI a need for further research into the optimum means of integrating the two technologies

of image intensification by NVGs or LLTV with FLIR and for improvements in the presentation of the
Information to the pilot.

b. There is a need for further work into NVG compatible cockpit lighting, three different schemes
were discuesed at this meeting blue/green, yellow/green ard UV lighting of phosphors. An ideal
lighting system would not cause any problems with NVGs but would also not degrade naked eye visualj acuity or result in other problems such as autokinesis.

C. Visual ctandards should not be relaxed and indeed some visual acuity standards should be
tightened. lircrew have an ever increasing visual load with new generation aircraft and displays.

Tne disadvanzza i: inherent with spectacles and the difficulty of integrating these with protective
and enhancelient devices can only compound xiight problems.

d, Contact lenses have provcd their flight acceptability, it now remains to discover a lens material
which is comfortable, visually acceptable, capable of prolonged wear without causing pathological
changes and requires minimum maintenance. Should such a lens be discovered it would be the optical
app~iance of choice for circrew anO may permit a relaxation of some visual standards,

e. All military personnel should wear' visors or sunglasses under conditions of high luminance.
Tha density chould be related to the ambient illumination and the visual task. The advisability of
attenuating to a greater extent in the blue part of the spectrum should be cons, red.

f. The relative merhts of PLZT and liquid crystal devices in the protection of airrew againstS~nuclear- flash should be evaluated.

g, The conference reir~forced the conclusion that all military personnel snould be provided with
protection against ball-stic fragments. All transparencies worn by aircrew should be fabri4ated
from impact resistant polycarbcnate, the only exception being corrective lenses in higher powers
where the low 'V' or Abbl' value of polycarbonate can cause problems with light dispersion. In these
aircrew CR39 lenses should be substituted.

h. Engineers and expertr in the visual disciplines should combine at an early stage in cockpit and
lighting design.

!ii



7. RECOMMENDATIONS

As the technologies of visual protection and enhancement are constantly changing there is a need forfurther symposia on these topics. !he mix of disciplines including engineering, visual sc.ence,ophthalmology, psychology and military aviation should continue.
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IMAGE INTENSIFIERSs PAST AND PRESENT

MAJ(P) Robert W. Verona, Ph.D.

Research and Development Coordinator
Night Vision and Electro-optics Laboratory

IUnited States Army Electronics Research and Development Comnand
Fort Belvoir, Virginia 22060-5606

S rnary

The evolution of the image intensifier is presented from the first through the third
generation. Technological advancements during the past two decades, such as the
nicrochannel pldte (MCP) and the gallium arsenide photocathodes, have significantly

improved the Image intensifier's projected life time and performance capabilities.
Improved manufacturing techniques have contributed to the intensifier's extended life and
expanded performance capabilities. This continued progress" attests that the image
intensifier continues to be a viable sensory extension helping man achieve his goal, the
conquest of darkness!

Introduction

An image intensifier is an electronic viewing device that amplifies dim ambient
light reflected from objects and presents this amplified image on a fluorescent screen.

An image intensifier thus provides a means of multiplying the available reflected light

so it can be seen by the eye.

This paper presents the evolution of the image intensifiers from the first
generation, through the second generation, to the current third gengration. The theory
of operation, capabilities and limitations, and performance comparisons are presented for
all three generations.

Background

Some of the first night vision enhancement devices were search lights. They were
simple and effective, but were cumbersome and required large amounts of energy to

operate. Their biggest problem, however, was their conapicuity! Friend and foe were

able to take advantage of the light. A covert night vision enhancement device was needed

that could be used only by specially equipped Individuals. Near-infrared viewers and

near-infrared search light filters were the answers.

The high-power search lights were modified with infrared filters which blocked
visible light and passed only near-infrared (730C to 1,200 nm) energy. A simple Image

converter tube was used to view the Illuminated scene. This approach had its draw-backs
as near-infrared viewers became commonplace and useable by friend and foe. A passive
viewing device was needed that did not emit detectable radiation, but simply used
available light. The image intensifier was the answer.

Image intensifiers are completely passive, that is, they are not detectable by the

enemy. The first generation of military image intensifiers were Introduced to the field

In 1965. There are currently three generations of image Intensifiers used by the US

military, each generation representing a tremendous technological advancement. (See

Figure 1.)

FIGURE 1. Photograph of first, seoond and third
generation Intensifier tubes without power supplies

and potting. Only one stage of the first generation
tube is shown.

First Generation Image uit1ensifiers

There are two major configurations of first generation image 4htenstfler tubeal

three stage tibes and dtmasgnlflation tubes. The thre6-Staie donfituratlOn Is formed by
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fiber-optic coupling three single-stage unity-magnification tubes to achieve the desired
amplification. The demagnification configuration tubes concentrate the electron image
from the photocathode to a 300% smaller phosphor screen to achieve the desired
amplification.

The scene being viewed through the image intensifier device is focused on a
photosensitive material, the photocathode, as shown in Figure 2. The photocatlode
surface emits electrons proportional to the amount of light striking it from each point
in the scene. The emitted electrons are accelerated from the photocathode toward a
phosphor screen by an electric field. The light emerging from the phosphor screen is
proportional to the number and velocity of the electrons striking it at each point. The
observer views the ampliZied scene image appearing on the phosphor screen through an
eyepiece.

three-stagetbe.

-7I-
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FIGURE 2. Diagrams of first generation imageintensifier tube.
Diagram (a) shows a single-stage tube and diagram (b) shows a

three-stage tube.

The amount of amplification, or gain, of an Image intensifier is expressed Es the
ratio of light-in to light-out. Three-stage tubes typically have a gain of about 40,000
and demagnification tubes typically have a gain of about 2,000. Resolution limit for the
first generation tube's is about 30 to 36 line-pairsh/te. First generation tubes use S-20
photocathodes. These multialkali photocathodes have an average luminous efficiency of
approximately 350 microamps/lumen. The S-20 photocathode is sensitive from 400 to 850 nm,
with a broad p0 *k from 500 to 600 nm. Since the sensitivity of the photocathode extends
Into the near infrared, they are able to detect near-infrared sources while remaining
undetectable.

The first generation intensifiers are very susceptible to blooming from bright light
sources. If a bright light source appears in the device's field-of-view, the overall
contrast of the intensified image is greatly reduced. If the light source is
sufficiently bright, the protection circuitry in the intensifier power supply momentarily
shuts down the intensifier. The peak full area luminance uisplayed on the phosphor
screen is normally on the order of 5 tc 10 footlamberts.

First generation image intensifiers are very robust and have a very long life, well
into the ten-thousand hour range. Gradually the sensitivity of the photocathode
diminishes and the phosphor screen shows the blackened burn marks from staring at bright
point light sources. The weakest parts of the first gerneration systems are the battery

and the oscillator module that converts the battery energy to an alternating current
source for the intesifier's power supply.

( •Second Generation Image Intensifiers

Many of the first generation intensifier limitations were overcome by the second
generation intensifier tube technology. The second generation image intensifier tubes
"are significantly smaller and lighter than the first generation. One version of the

second generation tube is so sma'l that two intensifiers may be used in a binocular head
"mounted system, the Night Vision Goggles. This miniaturization is achieved by the use of
a microchannel plate (MCP). The MCP is used in conjunction with the photocathode to' f-- • i:•produce the reqaired light amplification.

Light from the scene being viewed is focused on the phctocathode, the same way it
Swas in the first generation intensifier (see Figure 3). The photocathode material is
Salso the same, an S-20 multialkali. But now, the electrons emitted from the photocathode

" impinge on a microchannel plate (MCP).

The MCP, shown in Figure 4, is a thin 1 mm wafer of tiny glass tubes which channel
the electrons from the photocathode to the phosphr screen. As the electrons pass
through the millions of glass tubes, they strike the emissive material coating the

-- channel walls and cause the emission of secondary electrons. The tiny ehanaels are tLIted

about 8 degrees so the electrons are sure to strike the walls many times on their way to
the phosphor screen. Thousands of electrons exit the MCP for each electron that enters

t from the photocathode. The emerging electrons maintain their relative spatial position
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and strike the display screen phosphor. The photocathode, MCP, and phosphor screen are in
"proximity focus," that Is, located very close to each other, so that the electrons do
not diverge and blur the image. The phosphor screen is usually deposited on a fiber optic
inverter. This inverter twists the image 180 degrees so that the scene appears erect when
viewed through the eyepiece.

am W Ga, TWE WETU TUE
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FIGURE 3. Diagrams of second generation 18 mm
goggle and inverter image intensifier tubes.

LanI

I1,

S~FIGURE 4. Diagram of microchannel plate (MOP) used in
i second and third generation image intensifier tubes.

S~The mass pioduction of the MOP was the technological advancement that made the

second generation possible. The MOP minimizes the contrast reduction imposed by bright

light sources in the image intensifier's field-of-view. Individual channels can saturate
without causing the entire device to saturate as in the first generation systems.

*However, local area contrast degradation still results from the localized saturation. A
bright light source produces high electron densities at the MOP and phosphor screen. The

high electron densities sometimes form a halo around the image of the bright light

An automatic brightness control •ABC) helps to protect the observer from brightS•flashes. The ABC does not control the nu~nber of electrons released from the photocathode;
the ABC controls the MCP voltage to hold the output tube luminance to a specified level.
The ABC keeps the peak display luminanl'e between 0.3 and 0.9 footlambe~ts for a full
range of input energy.K

A bright source protection (BSP) circuit may also be incorporated in the power .
2'supply. The BSP protects the tube by limiting the number of electrons leaving the .•
' -~photocathode. The BPS greatly reduces the voltage between the photocathode and the i.iput

side of the MCP when the input light levels cause excessive photocathode current to flow.

The gain of the second generation tubes averages about 20,000 to 30,000--somewhat
less than the first generation tubes. The second generation intensifiers require less

: power than their predecessors which means smaller, longer-lasling batteries. The f~rst
generation intensifier batteries ara 8.75 volts and the second generation intensifier
batteries are 2.7 volts.

The end o s life for second generation tubes is primarily caused by ion bombardment
Sof the photocasthode. The photocathode becomes contaminated by ions given off by the MP

as it is struck by electrons from the photocathode. These Ions splashing back on the
photocathode cause a gradual loss of luminous efficiency. The higher the light level at
the imaged scene, the more Ionsigeerated d the shorter uthe life expectancy osuthe
second generation tube. Another factor that contributes to the death of thc tube isgh
gradual drop in secondary emission through the MCP. Generally, second generation tuaes
operate for 2,000 to 40ola hours at h/4 moonlight illumination.

Th ABC kep h ekdsla uiae ewen03ad09folab sfrafl
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Third Generation Image Intensifiers

The third generation imige intensifier tubes perform much better than the first or
second generation tubes under starlight illumination levels. The third generation tubes
arn as ;mall as the second generation tubes, yet live as long as the first generation
tubes, greater t!-aa 10,000 hours.

The third generatior intensifierr, shown in Figure 5, schematically look like the
second generation intensifiers. Light from the scene being viewed is focused on the
photoceathode. The third generation tubes, however, use a gallium arsenide photocathode
bonded to a glass faceplate. The gallium arsenide photocathode surpisses the
photosensitivity of the S-20 multialkali photocathode3 beyond 550 nm. The sensitivity of
t,.e third generation photccathodu is more than 1,000 microamps/lumen compared to the 350
necroampsllumen average of the first and second generation photocathodes.

"UM~fANW- -

FIGURE 5. Diagram of third generation image
intensifier tube.

The electrons emitted from the photocathode Impinge on the MCP as they did in the
secont' generation tubes, but now, they must, pass through a metal oxide film applied to
the MCP. This metal oxide film is transp&rent to the electrons, Put not to the ions that
could cause photocathode death. The metal oxide film traps the ions and prevents them
from contaminating the photocathode. There are, however, some repercussions resulting
from the presence .f the oxide film.

The metal oxide ion barrier deposited on the photocathcde side of the MCP requires
the bias voltage between the photocathode and MCP to be increased from 200 to 800 VDC.
This increased bias voltage requires the photocatliode-to-MCP spacing to be increase(, to
prevent arcing. The increased bias voltage raises the electric field strength which
helps to maintain the fccus of the electron image from the photocathode to the MCP. This
gives the third generation tubes a typical resolutice capability of 36 line-pairs/mm
instead of 28 line-pairs/mm with the second generation tubes, The full area display
luminance is also higher with the third generation devices with a range of 0.7 to 2.2 FL.

It is important to remember that there are no inherent quallties of the third
generation that would lead to Improved resolution. The first and second generation tubes
could have the same resolution. Manufacturing and methods improvements make the
difference, not the inherent operating physics.

"Depositing metal oxide on the second generation's MCP would also improve life, but
it would cause a 30% decrease in the signal-to-noise ratio. This decrease In the signal-
to-noise ratio is unaffordable in the second generation technology but affordable in the
third generation technology. One minor draw-back of the increased photocathode to MCP
spacing is an increase in halo size from bright light sources when compared t, second
generation performance.

•Y• " The third generati)n intensifiers with their gallium arsenide photocathodes are more

usable during lower light levels than the first and second generation intensifiers. The

gallium arsenide extends the tubes' spectral sensitivity range to 950 nm (see Figure 6),
a region where near-infrared radiation from the stars is plentiful. The photon iate isfive to seven times greater in the region of 800 to 900 nim, where the third generation

photocathode sensitivity peaka, than in the visibie e!gion in the neighborhood of 500 to
600 nm. The increased luminous efficiency of gallium arsenide is also much greater than
the S-20 photccathode, thus proviigaite he odhrae

There are two configurations ef the third generation tube currently in production.
One configuration has a fiber optic inverter and a miniaturized poier supply. This tube
is used in the Aviator's Night Vision Imaging System (ANVIS). The 3bijective lenses in
this system are coated with a dielentric film (called a minus blue filter) that rejects
wavelengths less than 600 run. so the ANVIS is compatible with the blue-green crewstation
lighting. The other third generation tube configuration has no fiber optic inverter and
is used in the AN/PVS-7, One Tube Night Vision Goggles, and Cat Eyes.

__ IIR11
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The luminance output of the first, second, Ind third generation devices is
determined by the amount of current the power supply will provide. The total current
drawn by the display is limited; the light generated by this current can be concentrated
in one spot or distributed over the entire screen. The values provided in this paper are
for full screen illumination; half the screen woula be twice as bright. Small areas can
be much brighter than the full-display luminance quoted in the tube specifications.
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FIGURE 6. Comparison of sensitivities between
second atid third generation image intensifier
tubes. Also shown is night sky irradiance.

Future Developments

Will there be a fourth generation? Probably not, is the answer image intensifier
developers profess. There are, however, several improvements they would like to make on
the third generation intensifiers. The third generation demagnification tube may be a
low-cost, efficient image Intensifier. For some applications, small size may not be a
controlling factor, so the elimination of the expensive MCP and the enlargement of the
photocathode may prove to be an alternative to present designs. Developers are also
improving the photocathode manufacturing techniques and expect to make photocathodes with
a luminous efficiency approaching 2,000 microamps/lumen In the near future. 4
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FLIR, NVG and HMS/D systems for helicopter operation
Review

Dr. H-D.V. BZ5hm

Messerschmitt-B81kow-Blohm, Munich, FRG
P.O. Box 801149
8000 Mtnchen 80

SUMMARY

In the last decade, electro-optical systems have been used sucessfully in military
and cicil applications. They extend the scope of operation of ground vehicles, helicopters
and fixed wing aircraft from day-time into night-time, with a 24 hour readiness covering
even bad weather conditions.

The visual aids fall into two physical categories: the image intensifiers, which
amplify reflected residual light in the near infrared (approx. 0.6 - 0.9 Am) and the
thermal imager (TI), which detect the thermal radiation of all bodies (Planck radiation)
mainly in the 8-12 Am atmosphed-cwindow for bodies withT g 200 C.

The so-called Forward Looking Infrared (FLIR) is a thermal imager while Night Vision
Goggles (NVG) belong to the image intensifiers which also includes Low Light Level TV
cameras (LLLTV). The Helmet-Mounted Sight/ Display (HMS/D) has been specially developed
to display information and to measure the Line of Sight (LOS) of the pilot's head in
order to steer a sensor platform or a weapon without an additional workload. The display
on the helmet (HMD) uses a mini Cathode Ray Tube (CRT) to produce a video image with
superimposed symbology.

All of these images are produced by detecting the radiation in the near or far Infra-
Red (IR) and transferring it to the visible range (0.4 - 0.7 Am) adapted for the human
eye. The eye has to learn and interpret the information of this displayed monochromatic
radiation, which is produced in the green sprectral range (0.5 Am) e.g. by CRT or a NVG
phosphor screen and by LED in the red. These visual aids of both technologies guarantee
the safety and efficiency of helicopter operation during night flights.

During the last five years, MBB has carried out helicopter flight trials at night
using examples of all these visionic aids (FLIR, LLLTV, NVG, HMS/D and Direct View Optics
(DVO) for piloting and observation tasks. The detection, recognition and identification
ranges of nine different FLIR were tested in ground and laboratory tests. The evaluation
of an optical sensor platform location in the helicopter nose-, roof- and mast-mounted
versions, the comparison of thermal and intensifier images and the NVG compatible cockpit
were topics of the tests. This paper describes in detail the optical sensors with their
limitations and gives some results of the trials, with regard to the pilotA stress
situation and eye safety.

1. INTRODUCTION

Night vision systems extend our vision beyond the wavelength red (0.65 Am) into the
4 near and far infrared (IR) by making this radiation visible. Because of the eye's lack

of response in the absence of 0.4 to 0.7 Am light, devices are needed which will image
the dominant energy at night as the eye does during the day. These electro-optical
devices fall into two physical categories: the image intensifiers (NVG and LLLTV camera)
which amplify reflected residual light in the near IR and the thermal imagers (FLIR),
which detect the naturally emitted thermal radiation of bodies mainly in the far IR.

These electro-optical night eyes extend the scope of operation of ground vehicles,
helicopters and fixed wing aircraft, for civil and military applications, from day-time
into night-time with a 24 hour readiness covering even bad weather conditions. During the"• ~last five years, MBB has carried out helicopter flight trials at night using all of these
visionic aids for piloting and observation tasks.

This paper describes first of all in Section 2 the visual perception of the human eye.The contrast, resolution, luminance, meteorological range, discrimination level of
targets are some parameters of the visual perception. Section 3 covers EO-sensors as
visual aids for round-the-clock operation. A short description of the physical sensor
function and a comparison between the sensors is included. Section 4 presents the moni-
toring of sensor images with different displays. These night vision systems can be used
for different applications as is shown in Section 5s "Helicopter vision systems as visual
aids". The section is divided into two parts: pilot vision systems (PVS and PISA) and an
observer visionics system (OPHELIA). The latter includes the advantages and disadvantages
of a mast-mounted sight (MMS). This sectio- describes shortly the integrated visionics
systems and gives some of the trial results. Section 6 summarizes the conclusions.

2. VTSUA3L PERCEPTION OF THE HUMAN EYE

The human eye is the most highly developed visual system in existence. It has a
moderate quality field of view (FOV) of approx. 300 in EL and 400 in AZ, a high quality
circular field called the foveal, field of about 90 and a best vision field of about 10
to 20 in diameter.
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The 30*x400 field is used in most visual tasks and it is for this reason that most
sensors operate with 3:4 aspect ratio fields (e.g. commercial television). Colour visi:tn
with cones extends over about 900 of the central field, with colour sensitivity decreasing
as the retinal edge is approached. The very rim of the retina with rods does not produce
a conscious sensation of vision and is used only for motion detection. A normal youthful
eye can focus on objects as close as about 25 cm, but this minimum adaptation distance
increases with age (ref. 1).

MUSCLE
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Fig. 1 Cross-section of the human eye. The cones for the colour and the rods for the
black and white vision are located in the retina

The visible region lies between 0.4 pm (violet) and 0.7 pm (red) of the total electro-
magnetic radiation spectrum. The measurement in this region is called photometry. The human
eye is able to detect this small spectral distribution with the cones and the rods in the
retina (fig. 1). The sensitivity maximum of the cones is at a wavelength of 555 nm and of
the rods at 507 nm (see fig. 6). The cones are located mainly in the fovea centralis with
approx. 7 million cones with 4 pm diameter each. They are responsible for the colour vision.
The rods of the retina are used for the black and white vision. They are located mainly at
the rim of the retina. In the retina exist approx. 123 million rods with 2 Am diameter each.

The dynamic range of the eye related to the luminance is spread over 10 decades. This

luminance range is divided into 3 regions (ref. 2):

-5 -3- scotopic range (night: rods for black and white vision): 10 to 10 cd/m2

- mesopic range (twilight: rods and cones): 10-3 to 10 cd/m2

- photopic range (day: cones for colour vision): 10 to 105 cd/m2

The quick adaptation of the eye to different luminance levels is achieved by the vari-

able pupil diameters of 2.5 to 8.3 mm. The slow adaptation is achieved by switching or
change-over processes in the retina.

The resolution capabilities of the eye can be described in several different ways.
Perhaps the simplest measure of visual resolution is the visual acuity, the reciprocal of
the smallest angular detail in milliradians resolvable by the eye. Visual acuity deczeases
as the positimof the target moves away from the LOS. The geometric resolution of the eye
is measured by the spatial frequency r (Lp/mrad). It is a function of the threshold contrast

•W - i C (%), the luminance L (cd/n 2 ), the pupil diameter D (mm) and the time of target exposure
t (ms). The integration time of the eye is approx. 0.2 s. The contrast can be defined in
two ways:

C- and K= (1)
LI L + L2

L is the target luminance and L2 the background luminance in cd/m2 .

In 194E Rose formulated (ref. 3) an equation of the detective quantum efficiency of an
ideal image detecting system. The human eye is a real photon counter. The threshold contrast
detectable by eye for the visible is proportional to:

S.'I i I ., -
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r r
c D yLt(2)

in the vicinity of the target. Measurements of the geometric eye resolution depending on
contrast and different luminance levels are given in fig. 2
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Fig. 2 Thi threshold contrast as function of the spatial frequency r for the human eye.Z.e luminance L is the variablE, sse formula 1, 2 and 3 (from company Zeiss).

The relotion between r" (Lp/mm) and r (Lp/mrad) with the average focal length of the
eye feye = 0.25 m is

r -" r" •feye = r'.0.25 m (3)

The eye is not a linear spatial filter for small spatial frequencies (large targets)around 0.1 Lp/mrad. The curves have a point- of inflections below, this frequency and the
contrast then increases with smaller spatia.' frequencies (ref. 4 and 5).

Fc' large distances the atmospheric transmission T is taken into account in the calcu-lation. The mathematical models as functions of the wavelength X incl. absorption lines
etc. a,.e very complicated. The Lambert-Beer law describes this process in a simple way:

S'~~a (X -()"R [ _]

= c' "e-"R -](4)

1. (kcm) is the range and a (km-) the extinction coefficient. In the visible spectrum the
meteorological range V is defined. Koschmieder says that the eye can resolve 2% contrast. r
With this value, 100% fontrast at the target and formula 4 it follows (ref. 6 b:

•: ]VN (o) -,92[km] for the visible. (5)

d-,; -*~fraction angle 8 (disc) of the eye is approx. 0.3 mrad in good contrast and brightness
coi4itions:

e 1.22 A D D in the pupil diameter (6)
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In 1958 J. Johnson found different target criteria N in the form of bar patterns from
many measurements with image irtensifiers (ref. 5 and 7). The classification of discrimina-
tion levels for the small target size is given in table 1. The S/N ratio and the contrast
must be high. The perception probability of these values is 50%. The N for the MBB/Aero-
spatiale calculation is given additionally for 50% and 90%. X

Classification of
discrimination level Meaning

Detection An object is present

Orientation The object is approximately symmetric or asymmetric
and its orientation may be discerned

Recognition The class to which the object belongs may be discerned
(e.g., house, truck, man, etc.)

Identification The target can be described to the limit of the observer's
knowledge (e.g., motel, pickup truck, policeman, etc.)

Discrimination criteria MBB/A~rospatiale J.Johnsorn

Perception probability 50 % 90 % 50 %

Detection =Ret 1.0 1.8 1.0 0.25

+0.4
Orientation = Ro - - 1.4_02

Recognition - 3.5 6.3 4.0= RRec 3.5 -0.2

Identification 1 R1  7.0 12.5 6.4+1.6
______Id____ _ __-1.4

Table 1 Target discrimination criteria for the small target size. MBB-AMrospatiale and
J. Johnson Model with 50% and 90% perception probability. Nx in line pairs.

Fig. 3 presents the Johnson idea of optical image transformation with bar patterns
(line pairs) and examples for detection, recognition, identification together with a highly
resolved tank.

The NATO target size is defined as 2.3 m x 2.3 m. If 7 line pairs or cycles are seen on
the target this means identification of the target. The transformation from the spatial
frequency r into the different ranges Rx is possible with the discrimination criteria Nx
and the small target size h:

h [ml
R, [km] = NLp" r [Lp/mrad] - 0 [mad]

= 2,3 . for the NATO target (7)
N×

e is the norrialized angle in 1 mrad.

Fig. 4 shows the resolvable ranges of the unaided eye at day-time. The contrast at the
target is 50% and the target site 2.3 m x 2.3 m. The calculated curves uses equ. 2, 4 and
7 and the discrimination criteria. The intersections of the different transmission curves
with the threshold contrast curves of the eye (see fig. 2) gives the ranges.

.fr Table 2 presents the recognition range (3.5 Lp / 2.3 m) for the unaided human eye.

3. ELECTRO-OPTICAL SENSORS AS VISUAL AIDS FOR ROUND-THE-CLOCK OPERATION

The relaxed adapted eye (30 min time for adaptation) can detect signals only in black
and white up to T0` cd/m2 luminance as described in section 2. The eye is then at its
limit of capability.

- Electro-optical sensors using night vision techniques can extend the scope of operation
of ground vehicles, helicopters and fixed wing aircraft from day-time into night-time, with
a 24 hours readiness covering bad weather conditions.

These visual aids fall into two physical categories:

- the image intensifiers, which amplify reflected residual light in the near
infrared (0.6-0.9 gm)
and

- the thermal imagers, which detect the thermal radiation of all bodies
(Planck radiation) mainly in the 8 - 12 pm atmospheric
window for bodies with T V 20 0 C.
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-line

critical dimension

TECOITION -1 Linepair
min. dimension

RECOGNITION 3.5 Linepairs

- min. dimension

Kampfpanzer LEOPARD 1

highly resolved

Fig. 3 Johnson method of optical image transformation above (refs. 5 and 7).Required resolution for detection, recognition and identification witha higly resolved tank, shown below

__ i'



2-6

so 100

0 0 9•VN=I~km I

1234 Rx (km) 5

0 - 04
0.40 087 130 1.760 r jLg.mr.d 2.17

0 0 - .. , I ' I r •(~-i ra
0276 1.2 2 28 3704

0 0 I I IS,
076 152 2.28 304 r3d0 R.Lplmd)

Fig. 4 Minimum resolvable threshold contrast (resolution of the eye) as function of the
range and the spatial frequency for three different discrimination levels N of
the unaided eye. The day luminance is a 342 cd/M2 , the target size 2.3 m x ý.3 m
with 50% contrast and 50% perception probability. Five transmission curves are
added: a = 0.1, 0.24, 0.5, 2.6 and 7.82. The intersections with the threshold
contrast curves delivers the ranges. The corresp)nding resolvable spatial frequency
of the human eye is shown on different scales.

Contrast G = 0.24 1/km 0= 0.32 1/km 6= 0.5 l/km
at the VN= 16.3 km VN= 12.2 km VN= 7.8 km": .! target

100 % 1.5 1.4 1.25

41 60 % 1.3 1.25 1.1

4* <", 30 % 1.05 1 0.[5

Table 2 Visibility ranges (km) at day-time of the naked eye for recognition (3.5 Lp/ 2.3 m)
with the variables contrast C and weather conditions a or VN-

•7-Q
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3 a Image Intensifiers

The image intensifiers are used in Night Vision Gocg es (NVG) and in Low Light Level
TV cameras (LLLTV camer3s).

The levels of obscurity for the night are shown in table 3. The visibility ranges are
strongly dependent on the four seasons with different levels of the different moon phases
and cloud conditions. Additionally, a high contrast between an obstacle and its background
is necessary to obtain good detection range with image intensifiers.

1. LEVELS OF OBSCURITY (NIGWI

ILLUMkINATION AVERAGE VISIBILITY ( c4 weather cuidittons)

LEVEL % MEASURED HMOO IR tg

OF PER NIGH; + RECONTSE SILIOUVI-E VISIBILITY TRIANGLE
- TANK( KNEELIVO

OBSCURITY YEAR MILLIIUX CLOUDS FRONT VIEW MAN DETECTED REJXXNISEDSb c d e h L ..

14 VERY0

CLEAR

2 24 CLEAROR19

10 100 - 40 45 24

3 7 NORMAL

225 - 17 -- 28 --- 16 -

- '07 16 -- 11

5 VERY
DARK

Column (b)

LEIEND: Average values, measured over a period of

one year in southwest France, using an

Column (e) Rill iln 11uminatiop meter of type SPECTRA PRITCHARD

1970 R.(J Hlf-mon

Columns (h) and (i)

( Waning noon Visibility triangle:

a white equilateral triangle with sides of

New moon length 22,7 C1, silhouetted against a black

SJ Slight or medium square

cloud cover Recognition achieved by varying orientation

" :i 'iek or very thick of the apex, S.
cloud cover

ROTE:,At night, the presence of precipitation Crain or snow) Mist or particularly

fog reduces the quoted visibilities (columns (f), (g), Ch) and (i))for all levels
of obscurity. "

DEFINITIONS: VISIBILITY (by day or night) = for a given illumination, visibility

decreases in the presence of suspended particles (fog, mist, rain and snow)

particularly with Increasing cloud cover

BAD OR LIMITED VISIBILITY = 5 levels of obscurity at night + daytime visibilities

OBSCURITY 2 Absence of light for the eye

GOOD WEAITER - No fog, mist, precipitation by day or night
FO % tern for opacity

HIST 2 slight fog, not very dense, not totally opaque

Table 3 Distribution of the average illumination and levels of obscurity, from a Finabel
Study

X1-
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- Night Vision Goggles (NVG)

Unlike NVG used in troop operations on the ground, NVG used in helicopter operations
have a different mechanical mounting. The NVG in the troop version are worn with a face
mask and a harness. For helicopter applications, the electro-optical industries together
with the Army pilots (ref. 8) have, in the last few years, developed helmet-mounted NVG.
The reason for this development is that the pilot can look around the goggles into the
cockpit and onto the instrument panels in front of him with his "naked eye". He sees
through the goggles into the outside world (fig. 5).

tt

i 5 Helmet-mounted NVG from ElektrG-Spezial (type BM 8043 with 2nd plus gen. tubes) on
the SPH 4 helmet with spotlight, lip-switch and fixed focus, (ref. 2).

The human eye is twilight adapted when using NVG. The image intensifier tubes produce
a luminance of approx. 5 cd/M2 on the phosphor screen (P20k. With the use of the above
mentioned helmet-mounted NVG it is not necessary to change the focus. The NVG can have a
fixed focus with a depth of field of approx. 12 m to infinity. Because of two intensifier
tubes in one NVG, it is possible to have a binocular view of the outside world. The evalu-
ation of obstacle ranges is possible.

The basic pvrpose of NVG is to extend the possibility of vision towards lower light
levels throug:i high resolution in the near infrared spectrum. Fig. 6 contains four dia-
grams of inteiest when considering image intensifier tubes. The wavelength range from the
visible to the near infrared (0.3 - 1.1 Am) is shown in all four diagrams.

The first diagram contains the relative photoc:thode sensitivity for 2nd and 3rd gen-
eration tubes; the second diagram describes the reiative night sky irradiance of starlight,
vegetation and cloth reflections and, on a different 2cale, moonlight, reflected light of
the sun. Black body radiation is not shown. The relative day and night sensitivity of the
human eye (photopic and scotopic response curve) is shown in the third diagram. The last
diagram contains the relative luminance of tw( electro-luminescent (EL) illuminations with
blue and green colour and the transmission of a dyed-glass filter (BG 7) and a cut-off
filter (OG 590). Annex 1 presents radiometcic and photopic units.

There exista a large difference in the spectral sensitivity between the 2nd and 3rd
generaticn tubes (see fig. 6, diagram 1). The major difference between the 2nd generation
and 3rd generation tubes (fig. 7) is the photocathode. The infrared sensitive photocathode
of the 2nd generation is referred to as red extended alkali antimonide e.g. S 20 or S 25.
Single-stage wafer or inverter tubes are used. They are also sensitive in the visible

.5" . region.

The 3rd generation photocathode uses the semi-conductor single crystal material GaAs/
GaAlAs as epitaxial structure. The probability of the photoelectrons reaching the sureface
is proportional to their diffusion length, which can be over 5 Am. The spectral sensitivity
has a range between 0.55 and 0.90 Am, and is very different to that of the 2nd generation.

With the 3rd generation tube it is possible to better amplify ambient light flom the
night sky (see fig. 6, diagram II). The 3rd generation tubes use only a high performance
wafer tube.

Both generation tubes use microchannel plates (MCP) with a high current gain. They are
able to reproduce a two dimensional electronic image with high resolution. In all tubes the
18 mm diameterimage intensifiers are in fact a set of 1.3 million circuits: detector-
ampl 4 v'..display. The diameter of one microchannel is between 10 and 20 Am. With the MCP
it s poFible to control the brightness and gain of the NVG. The well-known blooming

Z . ... .. . . . t
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effect is n-,w a secondary problem', Pince Cie individual microchannels saturate.

The main idea of the NVG compatible cockpit design is that the light'ng should not
interfere with tie. spectral sensitivity of 2nd and 3rd ger.eration tubes. Therefore b-ue,'
green illumination "or the cockpit and ;ýterior lighting should be used (ref. 2). -'ig. 8
shows a v'.ew through the NVG int~o t-he .jutside v.3-'.d.

-5 
25 02'

0,3 0,4. 0,5 0.6 0,7 q-, 09 to 1,1 XiPuij

1o0 100% twhh

I vegefistiol

S0.2

0.3 0.4 0.5 0.6 0.7 0.8 ,9 10 ' XQm

0.8A

E I'

0,3 0A 0,5 0,6 0,7 0.8 0,9 1,0 1.1 X (pail

Ityp:cal El-:4tn
0.6

dytc-91ciss filterm tvuitof instruments 867G?

0 0,3 0,4 0,5 0,6 0.i 0,8 0,9 1,0 1,1 X 1)Mm)

Fig. 6 Various image intensifier MCVG) parameters as function of the wavel.ingth (ref. 2)

II - Low Light Levei. TV Camera (LILTV Camera)

A variety of LLLTV systems are available, ranging from simple devices consisting of a
fl r fibre-optic coupled combination of TV camera tube and image intensifier (intensified Vidi-

con) to more complex :sysfe~s in which the intensifier and Vidicon are an in~tegral unit
contained within the same vacuum envelope.

These so-called intei,raified-silicon Vidiconsq (ISV) include a special tatget (Silicon
Intensified Target) which is responsive to electrons. In S3IT devices the in~age Cntensifier
pnosphor screen is omitt 'd, allowing the photoelectrons to impinge directly on the target
(see fig. ?). SIT tubes (NATO approved name: EBSICON) are suitable for use with moonlight
illumination. For starlight condit:ýohs, I.ntensifier EBSICOMS are available, which have a
further intensification~ stage. The spe~t-ral sensitivity range of the LLLTV image intensifier
is similar to the NVG tnbas described in fig. 6, diagradm I.
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GaAs photocathode
rMicrochannel plnte (MCP)

Input window phosphor screen (P 20)
objective twister

K _ ocular

indium sealed and power supply

Fig. 7 3rd generation tube design of wafer (proximity) type with a micro-channel plate
and integrated twister (fibre optic) (ref. 2)

Au

Fi.8View through NVG with 3rd gen. tubes. Bloom~ing effects are insignificant because
of MCP saturation (ref. 19)

For helicopter applications, LLLTV systems can be remotely mounted and controlled e.g.
on external sensor platform, and the images relayed to the pilot by means of a coupled
display. Fig. 10 and 18 are reproductions from LLLTV video recording;

4 Image
5 Intensifier

Optics Optics

Fig. Schematic drawing of a ILLTV camera (ref. 22)

3 b Thermal Imager MT, F~jIR)

Fi~rst the physical aspects of thermal radiation are described. All objects having a
temperature greater than absolute zero (-2730C or 0 K) emit electromagnetic radiation over
a continuous range, of wavelength from tL~e radar region to the infrarea zcgion to the

-~ visible region (with 1000 K and more in the latter). The amount of energy emitced depends

r• [] [] l I--"I [
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On both the object's temperature and its surface condition, or emissivity, and is inde-
pendant of ambient light.

Fig. 10 Reproduction from a LLLTV video recording

In 1900 Planck's Law was defined for the spectral radiant emittance M Xof a black body

42

one m/ speed of light in vacuum; h = 6.626-10 Ws' Planck's constant;

k =1.3-10 23Ws/K Boltzmann's constant; A~ = wavelength; T =tenperature and L the
specralradantsteerance. For any given object, at a given temperature, there iA only
onewavlenthwhere the energy is at a maximum. Wien's displacement law describes the

wavelngthmaximum X ma

X*R T =2898 [,um -KJ (9)

Integration of Planck's law yields the Stefan-Boltzmann law. The total radiant emittance
M(T) is

M(T) T4 W/cm2] (10)

a=5,6686. 10-2 JW - Cm- 2 K J Stefan -Boltzmann- Constant

In fig. 11, diagram 1, the black body radiations for different temperature (Planck's
Law) are given, (ref. 2, 9 and 10). The emitted radiation must travel from the object to
the observer through the atmosphere, which itself absorbs energy of the radiation.

Fig. 11, diagram 2, describes the atmospheric transmission in the region of 0.3 gim to
14 lim. There are a number of narrow bands or "windows", two of which are in the infrared
3-5 tim and 8-14 g~m spectral bands. The shorter wavelength corresponds to higher temperature

I

objects and transmission here is limited by smoke and naze. Energy at thelonger wavelengths1 corresonds to raduation from objects at ambient temperatures e.g. human beinds, natural
vegetation around 300 K. It has a greater atmospheric penetration than the visible radiation.

The spectral =ange of optical materials for the telescope coating, Ge or ZnSe for the
t 8 a-14 gm range, is also presented in fig. 11, diagram 3. In order to detect the infrared

energy present, photosensitive semi-conductor elements e.g. HgCdTe are mounted in an arrayat the focal plane of the telescope. The array may consist of one or more detectors
arranged in one of six possible array patterns (ref. 11, 12, 13 and 14):

-a single

- parallel e.g. US-Common Modules (CM)

- serial e.g. Mini-FLIR Detector array
R.w- serial-parallel e.g. SImT, IRCCD

-quasi-serial-parallel e.g. SPRITE
- focal plane arrays under development

objets nd ransisson ere s lmitd bysmoe ad nae. nery attheloner wvelngts I

corspnstordato ro becsataben epeaueseg hua beng, atra
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The most prevalent detector used for FLIR's is mercury cadmium telluride, HgCdTe, with
a broadband spectral response peaking between 10 and 12 4m (see fig. 11, diagram 4). A~
photodetector which exhibits performance at theoretical limits is said to operate in the
background-limited photodetectiom (BLIP) node. Tao differemt applications of the detector6
are possible, photoconductive, PC, as used by US-CM and photovoltaic, PV', as used by IRCCD.

Lk 4j_2]mS

0005

0004

:L 0003 T40

a 0002 T30

0001 z30

0 1 2 4 6 8 10 12 14 156.Ijiml

To I . .. Near IR e.Middle IR raFor IR - ,

100 i m i w
8 0 ' T CoO20 C42  Hc O2  IHz

60

~20

0 1 2 4 b a 10 12 14 15 ..pm I

100 G'cae

00

20

0 , 6 a 0 12 14 15 Afjjmj

PbS193( IPCP
AtCdIg~e,77K

1i.~~~~~I __ge,7 09ImZJW~SJ30 0 _ :Cu,4,2K

Fig. 11 Various TI parameters as functions of the wavelength X (ref.10)

a) black body radiation for different temperatures (Planck's Law)
b) atmospheric transmission

d) R dtecor etetivty ithBLIP conditions for PV and PC
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To ensure the satisfactorv functioning of the detectors, the array has to be cooled to
very low temperatures. In the case of HgCdTe detectors, the operating temperature is 77 K.
Cooling is achieved by means of either an open cycle using liquid nitrogen, Joule Thomson
pr aciple, or a closed cycle miniature cooler.

A schematic setup of the thermal imager components: telescope, scanner, detectors with
cooling unit. sigral processing unit, display with the eye/brain response and the IR
radiation tith the atmospheric transmission is given in fig. 12. Thermal imagers mainly
utilize the 8-14 pm window.

Display

Sun/Sky Radiance Eye/Brain

Signal

Processing

Telescope Scanner

--. ,i~.Detector
Object i"" -" + Cooler

Thermal Atmospheric

SRadiation Transmission

Background

Horizontali • / Scanner
( ~Telescope

HoDetector

+ Cooler
J 7 Ver ficol

Scanner

Fig. 12 Schematic set-up of the thermal imager components and the IR radiation with the
atmospheric transmission

To produce a xisible image of the thermal radiation in the IR, the TI detects the
temperature difference AT of a scene. Therefore, the temperature derivation of equation 8
is detected by a thermal ianager. Each detector converts the radiation into an electrical
signal. In most cases, the signal processing unit produces a video signal for the display
unit. The totea. temperature contrast K or radiation contrast of two black bodies for the
total spectral range is defined with t~mperatures:

4 4

KT HT M (11)
4 4 M +M9ITo + TS 0

T (K) = object temperature, T = baý7kgrcund temperature and M (4/cm•) is the total radiant
effittance.

In a TI, the mechanical scanning to produce a chermal image is carried out in either
one or two dimensions, depending on the described type of array pattern used (see fig. 12
below). TI's can be either direct or indirect view systems. In the former, detector ele- 4

ments ar. connected dire'tly to light-entitting diodes (LED) vieved throuthj an eye piece
7% whose responses are proportional to the detected IR radiation levels. An indirect view

system convmrts each dete3tor output into an electrical siga.al, which then drives a con-
ventional monitor raster scan.

• , Most countries involved in thermal imaging have developed TI systems configured from
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so-called Common Modules (CM) or basic building blocks. These modules are designed to be
arranged and located as required, providing the user with a flexible and ultimately lower
cost system (ref. 11 and 12).

I&

0

'I.=

Fig. 13 Normal picture taken with photographic apparatus (above) and thermal image taken
with CALIPSO-FLIR (below)
The information provided of the same scene is different (ret. 9)

The information of a thermal image is quite different from an image taken by a photo
camera, see fig. 13. A user e.g. a pilot or an observer, has to learn and interpret the
informations on a thermal image. The contrast of this image consists of temperature diff-
erences in the spectral range of 8-12 g~m (see equ. 11 for the total spectral range) or
emission factor differences. In a normal mode, hot bodies are white and cold bodies are
black. The gain and the brightness levels of a TI are partly responsible for the inage
quality. A so-calied polarity change of the thermal inage can produce am image more similar
to tine visible range, e.g. snow is then looking white.

The thermal and geometric resoution of a TI are calculable using a model, with the
minimumD resolvable temperature difference (MRT) formula as function of the spatial fre-
quency r (Lp/mrad), ref. 1, 9, 15 and 16.

UNET 1 aD
MR r) 0. 7 5 6-2 r . (K or *C) (12)

"U MTF(r) s t F 4 1 + 4r2. C(2

taking into account the parameters:
U s/U X signal to noise ratio; 2,25 with 50% probability and 4.5 with 90% probability

W NET noiae equivalent temperature difference in *C or K
MTF.Y~t system modulation transfer function r7
Fg frame rate of the image in te

3Theey integr.ation proime; apox. .2 saescen sdfeet(e.9

degree of line overlap
1omdetector angular subtense of a detector element or instantaneous field of view
D (TFOVt in mrad

Serncs i te pecra rngeof8-2 p (eeequ 1 fr te otl secra rage o
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The system MTF taking into account the optics MTF, the detector geometry MTF, the
Sdetector time dependence MTF, the scanner or stabilization MTF, the electronics MTF incl.

signal processing MTF (the sampling function should be displayed without alising effects,
Nyquist-Theorem), the display MTF and the eye MTF. A MTF for vertical and horizontal
bar pattern has to distinguish in the MRT formular 12, s~st ref. 16.

The NET is the black body target-to-background temperature difference measured in a
standard test pattern which produces a peak-signal to rms-noise ratio of one at the out-
put of a reference electronic filter when the system viewsthe test pattern.

S2 (fD21_•• N •F

NET= D)-2  - (K or °C) (13)
SET h -.c To.D*-• AD-ns-np.p

h Planck's constant: 6.626"10-34 Ws2

c speed of light in vacuum: 3-1010 cm/s
f optics focal length in cm
D optics diameter (entrance pupil) in cm
X upper cut-off wavelength in cmP
t optics transmission

D* detector sensitivity in cmHzl/ 2 W-
P derivation of photon density according to temperature in photon/cm2 sec K: approx.

3.2-10 15 photons/cm2 sec K at 20°C
N line numbers times pixels per line = numbers of pixels per image frame
F frame rate in Hz
AD detector area in cm2

" number of detectors in series
"n number of parallel detectors
p
p scanning efficiency

The signal transfer function (SiTF) measured in cd/m2 /K or the dynamic range of a TI
describes the conversion from the temperature difference (AT) into the photopic luminance
detectable by the eye (ref. 1). The gain of this conversion is controlled partly by the
contrast control of the TI video monitor and an arbitrary DC level is added by the bright-
ness control. The same classification of discrimination levels (see table 1) are used for
the thermal imager models. Normally a perception probability of 50% is used. With equ. 7,
the different ranges can be calculated.

The performance of a TI should cover the max. range of the weapons used. It is easy I
to understand that the relationship between resolution or range anu FOV size should be
optimized. If the FOV of the TI is too small, providing greater range or higher spatial
frequency, the observer may not be able to detect or recognize a target, because of the
long search process.

A high resolution TI for a helicopter should have a minimum of three FOV i.e. WFOV
for detection, MFOV for detection and recognition and NFOV for recognition and identifi-
cation, see figure 14. A 4th FOV with approx. I* may be useful for identification, but
this NFOV is not good for tracking and aiming. A gunner's TI has the same high require-
ment for thermal resolution as a pilot's TI, i.e. NET i 0.05 K. This high resolution is
necessary as enemy tanks or helicopters in future will have IR suppression toaid camou-
flage. Hot spots with cue identification will then no longer be possible and only visual
identification will be practicable.

During the last 5 years, using a 0.35 m 0 and f= 1.8 m collimator, MBB has tested 9
differentMRT's of TI (ref. 9 and 23):

- CALIPSO (SMT) from TRT, fig. 13 and fig. 23

- TICM (brit. CM, SPRITE)from GEC/ Rank, Taylor, Hobson

- IR 18 Mk II (SPRITE) from Barr & Stroud, figure 18
"- PISA (SPRITE) from EGO/MBB, figure 20

- MIRA (serial-parallel)from MBB/Siemens/TRT
- WBG X (US-CM) from Zeiss

- Modell 2000A from FLIR Systems, figure 25

S- IRTV 445 from Inframetrics

- Mini-FLIR (serial) from Honeywell

liin
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Elmtion

II

R

o streocopi ~ istrbin tothepilot

WFOV-
MFO
NFUV ..

40.

firwi

SFOV of a g lner TI on a stabilized platform in a nose-mounted sight (NMS) version
3 c EO-Sensor bmmparison

ADVANTAGES DISADVANTAGES

o direct view system o "blooming effects can be
o stereoscopic vision disturbing to the pilot

o easy to use r at present no possibility
sI fie-rs o suphtwerim it i n of superimposing flight data

0 minimum illumination necessaxy •o natural image (Gen. II -2 mlux, Gen,III> 0.5 mlux

o low cost o instruent/cockpit lightingeS~must be compatible

0 no system cooling required o at present strong "blooming"S- •o no problems with thermal effects.
11c n loossover" o mimimag level of ilcn inationt

• -- siTiers o superimposition of flight (at present v 5mlux)e
data possible o indirect view system i.e.display required

So no "blooming o detector cooling required

o no low illumination limit o image! may lack natural
TI o superimposition of flight perspective

data possible o indirect view system
o in some cases better atmo- o thermal crossover- may givespheric penetration e.g. rise to obstacles "disappearing"in fog, haze, artifical hazel for a time in the image

Table 4 A comparison of the three night vision sensors described as visual aids in theform of advantages and disadvantages (ref. 22)
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4. MONITORING OF SENSOR IMAGES ON HMD, HDD (MFD), HUD AND EYE PIECES WITH CIT

The direct view system with LED's and eye pieces are not considered here (see section
3b). There are different possibilities for displaying the electro-optical imag.'s to the
eyes, e.g. in a helicopter cockpit. One system is a helmet-mounted display (LMD) in front
of the pilot's eye (fig. 17). In many cases the projection is monocular, with a beamsplitter
to simultaneously see the video image and look into the outside world. In most cases, a
cathode ray tube (CRT) is used to generate a video image. The CRT is located on the helmet
or in the cockpit rear. In this case, the connection to the eye can be solved by means of
a fiber-optic cable (approx. 0.5-1 Mill. pixels, high resolution).

For piloting tasks flying Nap of the Earth (NOE), the static FOV should be as large aspossible to detect obstacles e.g. power lines. At the moment a 30*x400 FOV is possible with
HMD in a 1:1 magnification. The LHX program desires a 60 0 x110 0 FOV to compare with the FOV
of the human eye. But inevitable compromises have had to be made between resolution (SO-
sensors and displays), FOV, luminance, amount of detail and cost. HMD with FOV bigger than
30 0x40° in an 1:1 displayed scale, now use diffraction optics instead of the classical
optics. An American with a Canadian company has a 64 0 x1350 binocular FOV in development
with two so-called Pancake Windows of 800 diameter each (ref. 17).

The problem of an extremely WFOV is the resolution and distortion of a TI. Equation 6
is also applicable. The wavelength X in the 10 pm range is approx. 20x bigger than in thevisible. This is also true for the resolution disc, if the entrance pupil has the same size
as the eye. The F-number (f/D) of a TI should not be greater than 2-4. Protective 'ilters
against laser range tinders (LRF) or low power laser weapons can be integrated in an HMD.

J Fig. 15 HUD and HDD installed in the BO 105 helicopter during flight trials with the
mast-mounted observation platform OPHELIA

A head-down display (HDD) for helicopter operation is normally installed in the instru-
ment panel with a size of approx. 6V-8" diagonal, see fig. 15. The monitoring of WFOV
image from an eye position of 70 cm distance is not in the scale 1:1. In some cases, the HDD,
in the form of a coloured multi-function display (MFD), is used for flight guidance, flight
manageinent and/or navigation tasks, see fig. 20. A superimposed flight symbology with a
symbol generator (SG) is state of the art.

The generation of weapon symbologies superimposed on sensor images on a head-up display(HUD) is sometimes desired in combination with a gun turret and rockets equipped on heli-
copters.

A gunner needs an eye piece with a high resolution CRT of approx. 50 mm 0 with a pixel
size e 30 pm for reconnaissance and combat assignments in order to resolve small targe's at
long distances. The display MTF must be adapted to the total MTF chain from optics of the
sensor to the eye including the brain response.

A new STANAG document No. 3350, Issue 2 has been developed for airborne video applica-
tions, (ref. 18). The new video standards are called:
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Class A: 875 lines, 60 Hz frame rate, S 20 MHz bandwidth
Class B: 625 lines, 50 Hz frame rate, S 15 MHz bandwidth
Class C: 525 lines, 60 Hz frame rate, S 12 MHz bandwidth

Class A includes the high resolution EIA (American video standard) and Class B the
CCIR (European video standard).

5. HELICOPTER VISION SYSTEMS AS VISUAL AIDS
Since 1981 MBB has tested different night vision systems on the BO 105 flying labo-

ratory in order to evaluate specifications and to gain experience of such equipment for
future developments.

PVS BLOCK DIAGRAM SNSOR RAEXA'
I FLAB COECITRNATIONC

LOS -AY

CONTROL ELECTRONICS TUOINO

PLATFORMBo

-CNMI "RL ELECTRONICS so JUNCTION
NUNIT

Io |CO-FL .•-- --- -I UNIT -- --
i I ICONM_- ,- I_.

L -- -- - - - -- ----------- I " 'S •E-~ j CN I __ S
RECOMFER I - Jr.,.FRA NF sIL _

L -- -- - --- --- FBO

Fig. 16 Block diagram of the HMS/D with the platform as used in the PVS

Fig. 17 Pilot with an HMS/D in conjunction with a visually-coupled platform which
includes two EO-sensors (ref. 19)

5 a Pilot Vision Systems

Two pilot vision systems were mounted in the helicopter nose, ref. 19.

iEii ririitl ii i'iii h. .. ... ..
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-Pvs

The first was called Pilot Visionics System (PVS). The PVS comprises a Helmet-Mounted
Sight and Display (HMS/D) with electromagnetic head position measurement, a stabilized
steerable platform (AZ +900 and EL +15°/-50°) with two electro-optical sensors, a TI
(260 x 380) with 4 SPRITE detectors and a LLLTV camera (300 x 400). The LOS of the plat-
form follows exactly the pilot's head movements by means of the measurement system (fig.
16 and 17). Images of the outside world are relayed to the pilot from the sensors and are
displayed on a miniature CRT fitted to his helmet (HMD). For comparison purposes, a HDD
was installed in front of the pilot. The sensor images on the displays could be superim-
posed with two different computer generated symbologies: Cruise and Transition/Hover.

Fig. 18 Direct comparision of LLLTV (above) and TI (below) images during the same PVS
night flight (approx. 200 mLux).
The images show a motorway bridge (ref. 19)

Additional tests were conducted to compare NVG with the electro-optical sensors of
the PVS. 46 flight tests were performed, including 14 night flights. The TI and the LLLTV i
images could be displayed alternately to allow for direct comparison during the flight
tests (fig. 18). The images were additionally recorded on video-tape. For post-flight
evaluation a magnetic tape recorder was fitted to register 12 signals from the helmet,
the controller and the platform, together with helicopter motion and the external
illumination levels.

In addition to MBB, five companies from Germany, France and Great Britain participated
in the project. The companies involved were Ferranti for the HMS/D; SFIM for the stabi-
lized platform; Leitz who are licenced to produce the Barr & Stroud IR 18 Mark II infrared
camera; AEG-Telefunken for the LLLTV camera and VDO for the HDD and the symbol generator
(SG).

The HMS/D fulfils a dual function, firstly by detetaining the head motion of the crew

member and secondly by displaying a sensor image directly in front of one eye. The HMS
uses a three-axis electro-magnetic sensor mounted on the pilot's helmet. The radiator
emits a magnetic field which induces voltages in the sensor. The sensor signals are then
processed by the electronics unit to determine the position and attitude of the sensor
relative to the radiator. Fig. 17 shows the HMS/D in conjunction with the steerable
platform. Between the HMS and the platform lies a controller which relays the HMS signals
to the platform. The optical sensor LOS follows exactly the pilot head movements.
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- PISA

A simpler pilot vision system is demonstrated by PISA (Piloten Infrarot Sichtanlage).
A beeper and a reset switch mounted on the collective stick were used for platform steering
in AZ and EL. The platform contained a wide angle TI (300 x 600) with 8 SPRITE detectors
whose image was displayed on a large-screen HDD installed in front of the pilot. A new
Cruise symbology could be superimposed on the image (fig. 20). 18 flight tests including
4 night flights were conducted with PISA.

The companies involved in the project were EGO for the TI, MBB for the platform, Koyn
for the 12" black and white HDD and VDO for the SG. The new Cruise symbology was developed
by MBB together with VDO.

Fig. 19 shows the nose-mounted platform, PISA, with the wideangle TI which contains
8 SPRITE detectors. The cockpit with a HDD was screened off for simulated night flights.

The tests showed that the platform displacement angles chosen (AZ + 900 and EL +20'/
-45°) were very good, especially in combination with the FOV of the TI. The manual stee-
ring of the platform by means of a beeper switch on the collective stick needs a great
deal of experience in order to coordinate the platform AZ and EL movements. Simple flight
manoeuvres are possible with PISA but trrain following and NOE flights are not possible
without excessively increased pilot workload. In this casa, a HMS coupled system or NVG
are much easier to use.

Fig. 19 BO 105 with the nose-mounted piloting platform PISA which includes a 30* x 600 TI

Fig. 20 Thermal image with PISA (300 x 600) superimposed with flight symbologies

li!A I1lU I IIilDamlnl uilunm, l uI .
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5 b Observer Visionics System

The mast-mounted observation platform OPHELIA (SFIM) was tested on the BO 105 helicop-
ter. It was installed 110 cm above the rotor head. This visionics system includes a TI
(TRT) called CALIPSO, based on the French Common Modules (SMT) with 42 detectors. The TI
has two FOV with 5.40 x 8.10 (4x mag.) and 1.80 x 2.70 (12x mag.), (ref. 20 and 21) and
a serial-parallel scanner. A TV camera (Inspectronic) and a LRF (CILAS) were the other two
sensors on the two-stage gyro-stabilized and steerable platform. The platform has a coarse
stabilization with torquer and fine stabilization with mirror. The diameter of the piat-
form sphere is 600 mm and the mass above the rotor plane 120 kg. The displacement angles
are: AZ + 1200 and EL -300/+20*. The slew rate is approx. 10 0 /s, (figs. 21, 22 and 23).

A stationary stand pipe (30 mm 0) containing electrical wires and two cooling tubes
for Joule Thomson cooling, leads through the rotor hub to the bottom of the gear box.
An 8" HDD and a 100 x 150 HUD (VDO) (modified version of ALPHA Jet HUD) were installed
and tested concurrently with OPHMLIA trials, see fig. 15. The SG was provided by VDO.

" Fig. 21 BO 105 with the mast-mounted observation plat- Fig. 22 Stabilized OPHELIA

form, OPHELIA, which includes a TI, an LRF and platform with sensor
a TV camera package 4.nstalled,

(ref. 20 and 21)

.o

CI

Fig. 23 Thermal image of the Murich Frauenkirche at a distance of 11.7 km taken with
the CALIPSO TI, FOV 1.80 x 2.70 (ref. 21)
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Fig. 24 Three different front silhouettes for an MMS, an RMS and an NMS helicopter
hovering behind cover (ref. 10)

- Advantages of a mast-mounted sight (MMS)

The system provides an unobstructed 3600 view without extensive structural modifica-
tion to the fuselage and attendant center of gravity (C.G.) problems. Installation of a
sensor package with LOS approx. 110 cm above the rotor plane allows for observation from
the helicopter while maintaining maximum cover, a valuable advantage in military engage-
ments. Target acquisition is possible without exposure from behind cover. The vulnerabili-
ty is strongly reduced in comparison to both the nose-mounted sight (NMS) and the roof-
mounted sight (RMS),(fig. 24). The visible, IR, and also radar (cross-sections) signatures
of the helicopter with a MMS behind cover are relatively low. The exhaust gas of a missile
does not disturb the optical window of the sight. A low vibration level was detected with
the OPHELIA system.

Fig. 25 A static (1/50 sec) thermal image with rotor blade influence. FLIR Systems.

TI with 170 x 280 FOV and two detectors

- Disadvantages of an MMS

Through exposure of the sensor platform, the aerodynamic drag reduces the max. speed
of the helicopter, with OPHELIA by approx. 5 kts. in maximum continuous forward speed.
The equipment accessibility is somewhat reduced. In general, it is not possible to install
a DVO, although a high resolution TV camera can solve this problem. The cue identification
of an MMS against the sky is easier in the visible and the IR spectral band. This can be
solved to a greater extent by cooling the MMS. Depending on the cover and the weapon, the
helicopter has to bob up for weapon delivery. Problems may arise for the capture phase of
guided missiles. Rotor blade interference occurs (fig. 25) if the LOS is directed downwards
with a large angle of elevation EL >-10, but this produces only a "chopper" effect,
(ref. 21).

I I II i • •I li ~ ll
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Problems mdy arise during correlation in an align~ment processor betweenz the thermal
im.ge installed in an MMS and an optical seeker head of a Fire and Forget Missile e.g.
ATGW 3. In the hover mode, however, the gunner LOS is free from rotor blade influence in
ipprox. EL = -8*, (fig. 26). This last value depends strongly on the mechanical character-
istics of the MMS and the helicopter. Fiq. 27 gives the FOV, the platform dieplacement
angles and relative ranges of the PAH 2 and HAC 3G heicopter in MMS version as it will
be developed in the EUROVISiONIC, Fig. 28.

-8.

Fig. 26 MMS without rotor blade influence. The helicopter is in hover mode
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EUROVISIONIK

1 GUNNER-
SIGI T (GS) 4

3 L" 2 ELECTRONICS-
EQUIPMENT

A. - ArGw 3-LR and
- iý iequiclments

3 PILOT Vl31ONIC SYSTEM (PVS)

Fig. 28 EUROVISIONIK con,;" str uf the following main components-
1 Kast-mounted GS; -Jtabilized steerable platform, -Iigh resolution TI and -TV,

-Laser Range Finder, -Harmonization Modulo, -HOT 1 pm-CCD, -Display Arm andGS-eler-tronics
2 ELECTRONICS EQUIPMENT: -Display Processor, -Target Tiacker, -KOT-components,-Video storage and -Controls
3 Nose-mounted PVS: -Steerable platform, -Wide FOV-TI, -HMS/D, -PVS-electr. and

-Controls

6. CONCLUSIONS

For copilot (3unner) tasks, high rbsolution electro-optical night vision sensors suchas TI, LjYTV and LRF (active) are necessar-, foi reconnai6sance purposes to provide acomnat hclicopter with 24 hour capability under virtually all weather conditions. A radarfor reconnaissznce purposes (as multi-sennor package) may allow operation on the battle-field even in bad weather. This sensor iq, however, an active system and has a lower re-solution zompared with TI. A direct view optic (DVO) can only be useu in the day time andat twili~ht. In an V43 a high resolutlon TV camera can be substi,'-ted ior the DVO. Theselected weapon systems for military applications have to be matl:hed to high resolutionvisionics sensors.

For oploting tasks, a platform with a WFOV TI mounted in the he~i:opter nose andsteerable with an HMS reduces the pilot workload and stress situation. During twilightJ• flights, the pilots ex')erienced no rivalry between the left eye and the right eye withits displ~yed image of the HWD. In the display systems, eye protection against laser andnuclear flashes should me taken into cccount and 3pecial optical filtezrs used. In back-upcases, the WFOV of the gunnex TI can be used for piloting ta•Js. N1G are a strong contender"for piloting applications and uff~r a cost-effective solution. They can be used is re-dundancy for the TI sensor.
For Žuture combpt and scout helilopte's a mast-mounted sight is a good solution• •i4 compared to a NMS and also to a rM6. A periscopic sight with unl.imited 3600 viewing, lowgnatures behind cover, good C.(., low vulnerability and low vibration levels aire

• po~saible.

I "
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7. ABBREVIATIONS

ANVIS Aviators Night Visicn Ih.aging System
ATGW 3 Anti Tank Guided Weapon 3rd Gen.
AZ Azimuth
BLIP Background-Limited Infrared Photodetection
CAL!PSO Camera Ltgdre infra-rouge Pour Systdme OPHELIA
CCIR European video standard with 625 lines, 25 Hz frame rate
CEP Circular Error Probability
CG Center of Gravity
CM Common Modules
CRT Cathode Ray Tube
DC Direct Current
DVO Direct View Optics
EIA American video standard with 525 or 875 lines, 30 Hz frame rate
EL Electro-lumliniscent
EL Ele:ation
EMDG Euromissile Dynamics Group
EO Electro Optical
EP Entrance Pupil
FLIR Forward Looking Infrared (TI)
FOV Field Of View
GaAlAs Gallium Aluminium Arsenic
Ge Germanium
HAC 3G Helicopter Anti Char 3xd Generation
HDD Head-Down Display
HgCdTe Mercury Cadmium Telluride jMCT)
HMD Helmet-Mounted Display
HMS Helmet-Mounted Sight
HMS/D Helmet-Mounted Sight/Display
IFOV Instantaneous FielA Of -iew
IR Infrared
IRCCD Infrared Chargc Coupled Device
ISV Intensified Silicon Vidicons
LASER Light Amplification by Stimulated Emission cof Radiation

Sj LED Light Ftitting Diode
LHX Light Halicopter X-Program
LLLTV Low Liiht Level T1V Camera
LOS Line Of Sight
LRF/D Laser nange Finder/Designator
MCP Micro-Channel Plate
MFD Multi-Fv-nction Displdy
MFOV Mediux Fiel.d Of View
SMIRA MILAN Infrarot Adapter
MMS Mast-Mounted Sight
MRT Minimum Resolvable 'ýemperature Difference
MTF Moduiaion Iransfer Funclizn
NET Noise Equivalent Temperature Difference
NFOV N,,rrow Field Of View
NMS Noee-Mounted Sight
NOE NaV of Earth
NVG Night Vieioi. Goggles
OPHELIA Oit-que sur Plat--forme HELIcoptdre Allemand
PAH 2 Panzer Abwehr-Hubschrauber (anti tank helicopter) 2nd gereration
PC Photoconductive detectors
PISA Pilol.en Infr;rot Sicht-Anlage (Pilots Infrared Sighting Ability)
PV Photovoltaic detectors
PVS Pilot Vision Sy1tem and Pilot Visionic System
RADAR Radio Detecti-in and RangingSRMS Root Mean SquareSG Symbol Generator
Si Silicon

SIT Silicon Intensified Targct .
SiTF Signal Transfer FunctionS,ýRITE Sign.Al Procesping In The Element, Tom Ellictt Device •ST Svstine Modulatre Thermique (French Common Module)

TI Thermal Iatager (FLIR)
TV Television
WTIDV Wide Field Of View
ZnSe Zinc Selenide

ba
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ANNEX 1

RAKIOMETRIC UNITS (index z) PHOTONE,2IC UNITS (inder v)

name symbol units name symbol units

area, projected area AI, A2  32 area, projected area A1 A 2  Uz

range R a range R a

solid angle 0 A2/R
2  

sr solid angle a - A /R2  or

1. Radiant intensity Ie = O$e/8 W/ar I. Luminous intensity IV = 8v/80 cd
(Candel2)4

2. Radiant power (flux) #e - 8' /Vt W (Watt) LSi2, Luminous (light) flux DV •/Dt cd..r

3. Radiant energy W.5 = J Is(Lumen)
(Joule)

3. Quantity of light 0 lm.s
4. Radiance Le = 8e/SA W/sr/m2

1 4. Luminance L = 91SI cd/ma2 
(ftL)

5. Radiant emittance He = 9#e/8A1 WV/. 1I

(exitance) 5, Luminous exitance Hv = 8#v/8A 1  lu/ma------- ------------ -----------

6, Irradiance O a $lSA W/.
2  6. Illumination I = 8#,/SA2 Im/m 2

Be= a~ 2 A U*Lux**

7. Radiant exposure He = SQe/&A2 2 W/mn 7, Exposure Hv = SQv/A2 10.9/m
2

8. Radiant efficiency %e 8. Luminous efficiency qv = 8v/8$ la/V

* * I ft-L (foot Lambert) a 3.426 cd/ma
I* I ft-c (foot candle) 1 I0.764 Lux

' Table 5 Important radiometric and photometric units (ref. 2)

.54444

•IF
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OPERATIONAL EXPERIENCES WITH NIGHT VISION COGGLES IN PELICOPTER LOW-LEVEL FLIGHT AT NIGHT

Captain Hermann Haida
German Army Aviation School

Flugplats

D-3062 Bickeburg
W-Germany

SUMMARY

This peper describes the operational marginal conditions with regard to thelbreat analysis
in the Central European theatre.

This is supplemented by a yre'.ontation of the technoic-ical and physical aspects of the
available visua. sensors, such as he.Lmet-mounted night vision goggles (NMV), low light level
television (LLITV), and forward-looking infrared (PLIR) and their employment as pilotage aide
within the helicopter cockpit.

Also, a description is givin of the work capab~lities and limitations inherent with the
employment of electro-optical vision aids using representations on slides. This invol-ea a
comparison of the visual capabilities of the unaided eye during low-level flight with moon
illumination at night, condttions during reduced light levels, and viewing the same scene with
electro-optial sensors.

The requirement for glare protection within the cockpit is discussed and different solutions
are represented. An expectionri end difficult ploblem to solve is currently presented by positive
position fixing under the given circumstances. Aide and procedures to improve navigation have
beea devised and are now successfully in use.

Finally, the briefing discusses the results of interviess with helicopter pilots, who have
long-term experience with the use of helmet-mounted night vision goggles.

I. INTRODUCTION

The results compiled for this briefing are based on experiences obtained from practical
flight operations with military helicopters over a period of about eight years. These were
mainly missions flown during test and training flights in the scoge of night low-level flighta,
which were conducted at the German Army Aviation School and in iLdlvidual cases with partners
of the Western Alliance. Studies were exclusively related to tue mission capabilities of

military helicopters under consideration of military marginal conditions.

Viewgraph 1. Expectations on the Cantral Europ6an theatre

The generally known expectations on the Central European theatre such as

- conduct of a sustained combat for several days,
- massed and highly mobile occurance of ground-based enemy forces on a kide frontage,
- threat bý strong frontal aviation forces, combat helicopters, and airborne forces,
- employment of highly advanced reconnaissance means,S- - and precision electronically guided weapons on the enemy side,

"lead to requirements, which in addition to other reactions necessitate an increase in the
combat efficiency of Army aviation.

A first step to be taken in order to achieve this, is the capability to pilot helicopters
even in darkness and reduced visibility conditions utilizing terrain masking techniques.

Special significance for future mission profiles results from the essential improvement
o! reconnaissance means on the enemy side.

Even outside the range of an immeOiate threat by enemy weapons effects, an early identi-
fication of friendly helicopters through enemy reconnaissance means will present a serious
hazard to friendly intentions.

Viewgrapb 2. Employment of helicopters on the battlefield

It must be anticipated that utilizing altitudes of above 300 ft agl (approx. 100 a) within
the corps rear area is no longer possible. During flight maneuvers in the direction of the
forward edge of the battle area (FEBA), 150 ft agl (approx* 50 M) within the divisie- area

and 100 ft agl (approx. 30 a) within the brigade sector must not be exceeded. In the forward
brigade sector and in vhe immediate vicinity of the FEBA# a~titudes around 16 ft agl
(approx. 3 m) become necessary in order to avoid enemy reconnaissance and fires.

"In addition to this, prohibited sones and flight corridors will be established on theI battlefield, which must exactly be adhered to.

I
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It can be assumed that operational flights on the battlefield are among the missions with
a special degree of difficulty; added-on difficulties result frum the employment by night and
under the aforesaid conditions.

It seems an undispensible requirement that the results obtained during night low-level
flights be integrated into the planning and design of future military helicopter cockpits.

II. VIEWING CAPABILITIES

Low-altitude night low-level flights, especially those conducted within the background of
obstacles, cannot be performed as conventional instrument flights. The reasons for this are
obvious and need no detailed discussion. Visual flight in darkness and reduced meterological
conditions is substantially governed by the available viewing capabilities.

In addition to the image intensifer night vision goggles (NVG), forward looking infrared
(FLIR) and low light level television (LLLTV) can be used as sensors, if they provide quasi-
optical vision. An imperative requirement for flights, which are to be conducted w~thin the
obstacle background, however, is a quick-swivel mount for the sensor (more than 90 /sec in
conjunction with a transmission of the user's head movement and an image display located
immediately in front of the eyes (HMSD: Helmet Mounted Sight Display).

In addition to the cost for the high technological effort, two other reasons prevent use
of FLIR as the sole piloting aid, at present.

In contrast to manifold claims, a large independence of weather conditions cannot be achieved.
The radii of most fog droplets in natural fog range from 2 micrometers to 20 micrometers,
the maxima of their frequency distribution being between 5 micrometers and 15 micrometers.
Since the maximum diffusion effect of a droplet occurs at radius = wavelength, these droplets
are very efficient infrared diffusors; i.e. in natural fog, thermal imaging will fail.
/Gae 75/

Thermal imaging devices use the thermal contrast that exists between targets and their surround-
ings. The quality of the device depends on its thermal resolution capability. It is possible
to realize values around 0.30K delta t (temperature difference between the object and its back-
ground). It is very disadvantageous that objects (obstacles) in the scene can change their
delta t rapidly. If delta t is less than 0,3 K, obstacles will no longer be displayed. Some-
times this is also true, when the thermal image has left a good image impression with the

pilot. It appears very critical that the pilot is unable to notice this deterioration of
environmental conditions.

Viewgraph 3. Helmet-mounted NV3

Third generation night vision goggles provide a night low-level flying capability down to
approximately 0.2 mLx.

Viewgraph 4. Foot Candles versus millilux

A gradual impal.aent of recognition range occurs at ambient light levels below 0.8 mLx.
Although these devices penetrate atmospheric turbities better than do second generation NVGs
because of their spectral sensitivity shift into the red, they are subject to weather induced
effects.

7heseare mney phemena, which cause a direct loss of ambient light level (thick rain
clouds).

It seems favourable that the pilot is able to clearly distinguish any deterioration of

light conditions by an increase in tube noise and that he can adjust himself to the situation.

Presently, the use of night vision goggles as sensors for night low-level flights is the
simplest, most efficient, and cost-effective approach to the improvement of viewing capabi-
lities.

As improvement of night vision sensors through optimization and combination of thermal
imaging and image intensifier devices is possible, the currently available knowledge is of
special importance to the design of future cockpits.

Viewgraph 5. Restrictions to viewing capabilities

Although the aforesaid sensors realize night vision, restrictions to viewing capabilities

- limited geometrical resolution,
- limitation of the field of vision to 400,
- unfavourable perspective viewing angles into the terrain due to low altitude,
- physiological effects produced by additional weight on the head.

X,-.I
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III. DESCRIPTION UF OPERATIONAL CAPABILITIES AND LIMITATIONS BY PRESENTATION OF EXAMPLES

As an example for the image impression of the unaided eye you will be shown the following

slides.

Slide 1. View with the unained eye

The daxe-adapted eye has no colour discriminating capability. Therefore, the outside scene
is viewed as an image of graduated greytunes. The natural field of vision can be utilized.
Moonlight generally produces a high ambient illumination, which permits use of vision tech-
niques similar to those for day conditions.

For comparison, the next slide shows the same terrain as viewed through the helmet-mounted
night vision goggles.

Slide 2. View with the helmet-mounted night vision goggles

Limitation of the field of vision to a sector of 400 represents the obviously most im-
portant difference to the preceding image. Moreover, a deterioration of visual acuity and the
resulting reduction in resolution of fine struntures is evident.

The image impression shown here corresponds to illumination conditions above 15 mLx. A
similar image impression is provided on the HMSD of the FLIR, when good thermal contrast
conditions exist.

Additional slides are to demonstrate the conditions prevailing during night low-level
flights and the resulting problems.

Slide 3. Tall trees viewed with the unaided eye

Flight attitude can be determined by reference to the vertical vegetation. Structures on
the ground and the field in the right-hand background indicate the terrain configuration.
The helicopter's position is right in front of the trees at treetop level about 75 ft agl.

This important piloting information can be obtained by a single glance into the terrain.

Slide 4. Tall trees viewed with the helmet-mounted NVGs

The small image sector of 400 merely permits judgement of the aircraft's flight attitude
with reference to the vertically grown trees. Identification of the terrain configuration is
possible, when the field of vision is artificially extended by raising and turning the pilot's
head.

This illustrates why a fixed sensor is of no use in this situation. A sensor, which is
swivelled by means of a manual control in conjunction with a presentation of the image on a
head-down display (HDD), is useless, too, because the image, which is running on the HDD
during azimuth movement of the sensor, cannot correctly be evaluated.

Judgement of altitude can also be achieved through azimuth movement of the head. In these
good sensor visibility conditions, the eyes are virtually forced to focus on the tops of the
trees which stand close to the right-hand side of the helicopter.

Flight over these obstacles is performed with visual concact in order to pass over these
obstructions with the minimum possible clearance so as not to have to leave the masking offered
by the terrain. Only when light or thermal conditions produce too poor images, will the air-
crew use the height indication of the radar altimeter.

Slide 5. Over tb )rest with the unaided eye

In this situation, the focus of the unaided eye jumps from treetop tc treetop. Flight
altitude and airspeed are judged b. comparison of the relative motion of individual tree
structures with reference to one another. An unrestricted view into the area immediately in
front of the helicopter is required in order to be able to maintain as low an altitude as
possible.

Slide 6. Over the forest with helmet-mounted NVGs

"Major azimuth movement of the sensor is necessary to obtain a sufficient number of usable
"information for the evaluation of forward speed, altitude, terrain configuration and obstacle
clearance.

*hen a helmet tracker is used to control sensor movement, the pilot will know the sensor's

direction of sight from the position of his head. Quasi-natural optical viewing is possible.
This, however, has a definite requirement for maximum azimuth ranges in conjunction with high
slowing rates.

IV. GLARE EFFECTS WITHIN THE COCKPIT

The employment of night vision goggles as night vision sensors for helicopter low-level
flight generates an imperative requirement for avoidance of glare effects and reflections
within the helicopter cockrit as well as on its front and side windscreens.

I I I I rl
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It is just within the range of decreasing sensor performance - i.e. at low ambient light
levels of less than 0.8 mLx, when the recognizability of fine structures, such as leafless
branches. wire hazards, etc. is largely reduced anyway - that disturbing reflectionAs have very
negative effects. Under these conditions, the disturbance may cause loss of outside view.

The conrentional red instrament lighting is incompatible with the use of image intensi-
fiers.

Viewgraph 6. Employment of helmet-mounted NVGs in the cockpit

As the installed instrument lighting is not compatible with hV•a, it will be switched off
during flight operations. If instrument information is required, it will be provided by using
a spotlight, which is actuated via a lip switch. Readings of displyye con be taken in the free
field of vision with direct view to the instruments.

Extensive studies conducted by the U.S. Army have resulted in the introduction of a
blue-green cockpit ard instrument lighting. /Fra 83/

Disturbing reflections on the front and side windscreens are prevented in this way indeed.
Glare effects caused by the lighted instruments do not occur. Still, an impairment of visual
efficiency with NVGs can subjectively be observed at ambient light levels below 3 mLx. It is
assumed that the relatively h~ihl&ht lovel withJn the cocIpit affects the eyes directly, because
helmet-mounted goggles allow unrestricted incidence of light into the eye.

This negative fact is of svecial importance, because about 55 % of all nights in Europe
have a darkness level of below 2 mLx.

We feel that the approach to instrument lighting adopted by French Army aviation is more
favourable. Graduations, figures, and needles of instruments are coated with fluorescent paint
and are lighted by UV light during night low-level flight. Displays can be distinguished well
without impairment of visual capabilities and they provide excellent legibility in the dark
cockpit.

V. NAVIGATIONAL CAPABILITIES

Slide 7. Navigation

Under the given couditions, such as

Viewgraph 7. Factors affecting navigation

- reduced visual capabilities through electro-optical sensors,
- poor viewing capabilities into the terrain fue to low flight altitude,
- lack of radio navigation means,
- inaccurate heading information due to large variations of the earth's magnetic field during

flight close to the ground,
- decreased legibility of the nap image due to darkness and helicopter vibrations and
- mental errors of the aircrew

positive position fixing presents an extraordinary and difficult to solve problem.

First, flying was possible only on flight routes, which had been learned by heart. Special
difficulties resulted always when flights were to be conducted below the height of wire haza.ds.
Special flight procedures developed for the approach and overflying of wire hazards indicated
the new direction to be taken.

The introduction of the helmet-mounted NVG provided the capability to read navigational
charts, because viewing the illuminated map sheet with the naked eye was now possible.

'• Viewgraph S. Night Map Display

In order to avoid the aforementioned glare effects, the German Army Aviation School
developed the night map reading device and introduced it into Army aviation. In addition to
"•an effective light ahilding of the map sheet lighting, ophthalmological advantages are

Sprovided by a magnifying glass, which is installed in the device and magnifies the map ,
image. The timer integrated into the device facilitates timekeeping enroute.

The display can be attached to the cockpit frame by means of an individually adjustable
supporting arm. This permits limited operation of the display without using one's hands.

Using this display permits night low-level navigation

- along prominent navigational lines,
- as dead-reckoning over legs with few navigational features,
- as mixed navigational procedures over extended legs.

Accurately maintained obstruction charts of the area, in which the night low-level flight
is to be conducted, are an essential requirement for all such flights.

I * IN
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Unlike navigation during day low-level flights, navigation by night causes additional
difficulties, because prominent terrain features, which are indicatod on the Map imagev are
more difficult to identify and are available in smaller number& for correlation with the map
image. This extreme small-scale orientation in 500-meter increments preoonts an ectremely
high work load.

The risk of mental errors and resulting geographic disorientation appears very high under
operational conditions. The situation during flights below wire hazard height in the free
tactical sequence of operations seems to be particularly critical.

Therefore, the enhancement of flight safety during night low-level flights requires the
introduction of automatically operated map displays.

With the introduction of the weapons systems VBH/PAH (liaison and observation helicopter/
antitank helicopter) into the Army aviation forces self-contained navigation systems were
available for the first time. As a result the aircrews experienced some reduction in workload,
which was an imperative requirement in the light of a new division of responsibilities.

Employment for night low-level flight and the navigaticnal problems generated in conjunc-
tion with the use of electro-optical sensors clearly showed that the doppler navigation system
alone is insufficient, because

- the analog display of the heading (SHIU) merely provides a directional indication with
reference to the deetination;

- alphanumeric information displayed on the LED field (CDU) cannot directly be correlated
with the map image.

Continous correlation of the map image and terrain is necessary to be able to determine
deviations from the desired track in time. Added difficulty results from the requirement to
locate a navigational feature on the map, which has been observed in the terrain, and sub-
sequently to compare it with the alphcnumeric display in order to be able to determine and
correct any deviation occuring in the system. This causes such a high workload that no other
task can be accomplished in addition to navigation.

As the doppler navigat 4 on system's indicating accuracy is mainly depending on the accuracy
* of the heading values, which, however, are greatly affected by variations of the earth's magnetic

field, the system must be updated at regular intervals, in order to operate with a sufficient
accurarcy. A high indicating accuracy is required to locate obstacles, which are difficult to
see, such as overland cables, using the navigation system as an aid. Errors of the system can
be identified only by a real-time comparison of the planned and actual position on the cap.
This is only possible by supplementing the navigation system with an automatic map display.

*1Viewgraph 9. Automatic Map Display

The display of the actual position on the map image is important in many respects.

- navigational features near the flight route can very quickly be located on the map image,

- deviations from the planned course can be recognized in real time,

- system induced deviations are recognized and can easily be updated,

- because of the high indicating accuracy provided by system checks in comparison with the
overflown terrain, obstacles, which are difficult to detect, can positively be located and
overcome,

it is possible to safely follou narrow flying laces matched to the contours of the terrain,S~to avoid known positions and to fly around prohibited areas, while avoiding major detours,

- the aircrew'c workload is significantly reduced; additional task, such as maintaining the
situation map, handling of tactical voice radio communications, etc., can be accomplished.

To sum up, it can be said that extensive use of self-contained navigation systems is
possible only in conjunction with automatic map displays.

VI. PHYSIOLOGICAL AND PSYCHOLOGICAL ASPECTS

The doctrine of a battle sustained over 72 and mozehours by the potential enemy, forces
helicopter crews into extended periods of stay within the cockpit. The optimization of the
cockpit as a work station gains utmost importance in the light of the special stress caused
by unfavourable working conditions during night low-level flights such as

Viewgraph 10.

- restricted vision,

- additional weight to can7 on the head,

- high degree of psychological and physiological stress due to low flight altitudes in the
area of obstacles,

ii:' II IIIIIiiI- . .
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- stress produced by accummulation of tasks in a dark cockpit,

- threat by enemy reconnaissance means and weapons effect.

From the German Army Aviation Chief Flight Surgeon's point of view some problems concerning
the description of physiological aspects are produced by the fact that -

- introduction into service of the helmet-mounted night vision goggle and the asocciated stress

can only be observed since a relatively short period of time;

- only subjective statements on personal experience are available; and

- only few parameters are available, which can be used for evaluation.

Increased mass acting or the head due to helmet-mounted night vision goggles,

Viewgraph 11. Helmet-mounted Sight

Viewgraph 12. Night Helmet

helmet-mounted sight or other future imaging devices for night vision systems in conjunction
with helicopter aircrew NBC protective equipment will put stress on the vertebral system and
on the muscles in the back of the neck and of the muscles of the back. The vibrations trans-
mitted to the human body cause rapid fatigue and reduce mission times.

First of all, spasms of the muscles of the back and the neck become noticeable, which are
caused by non-physiological forward shifting of the weight. The impact of this adverse center-
of-gravity position and the additional stress induced on the supporting system are evidenced
by indurations and strains.

The additional weight of the night vision goggle alone produces

- strengthening of the muscles,

- a certain dissymmetry of the supporting system caused by muscular development,

- most probably no damage to bones and intervertebral disks.

The situation may be different, if the additional weight is examined in combination with
the helicopter's characteristic vibrations. However, it is not possible to make any statements
concerning this subject matter, since systematic studies have not been conducted and substan-
tiated findings are not available yet. In the long run, one should consider possible changes on
the small joints in the area of the vertebral column.

So far, serious problems in the physiological scope have not been encountered.

Adverse effects, caused by employment of night vision goggles, which undoubtedly do exist,

can be summarized as follows:

- A sound cervical vertebral column sometimes may suffer from minor complaints, but will not
undergo any changes;

- existing changes on the cervical vertebral column will significantly increase previous
troubles, when night vision goggles are used for flight operations;

the question about processes and influences on metabolism of the cartilaginous layer of the
intervertebral joints is still unsettled.
X-ray depiction of the small intervertebral joints using oblique photography of the cervical
vertebral column, which permits monitoring posible changes occuring among the involved
personnel is an imperative requirement for the initial measures.

In addition to this, vibrations of given frequencies will cause impairment of visual
efficiency. In 1982, appropriate findings were presented by Emil Hartung.

I quote: •'

Under application of vertical vibration load, substantial reductions of vision could be proved

within two frequency bands. On the one hand, this is true for the resonance range of the human
body around 4 Hz. Although a significant reduction in visual acuity could not be determined
the acquisition times did partly increase - during recognition of numeral combinations - to
the 25-fold. On the other hand, a relatively large reduction in the resonance range of the
eye (16-31.5 Hz) of about 10 % could be demonstrated. Also a maximum iocrease in optical
acquisiton times can be found within this frequency range.

The statement continues:

Upon exposure to vibrations in the horizontal y-direction all visual efficiency tests showed
the comparatively largest impairment with particularly significant reductions in visual
acuity of up to 22 % found at vibration loads with frequencies of 25, 31.5 and 40 Has. Also

A i......I"I I II III
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within this frequency range, extreme increase in optical acquiaition times resulted during the
Landolt ring tests, which amounted to the 56-fold as compared to rest conditions. /Har 82/

Rigid main rotor systems seem to be particularly critical in this respects, because
feelings o' discomfort ranging as far as air sickness are observed particularly frequently in
conjunction with this type rotor systems.

Psychological stress can now be discussed only at a glance. A detailed discussion is given
in the report of the German Air Force Institute of Aviation Medicine, parts of which will be
quoted here.

The stresses induced to the helicopter pilot by flying with NVG are obvious: Reduced
visibility conditions, restricted perception of attitude and depth, risk of optical illusions
(autokinetic effect, confusion of ground lights with lights in the sky, etc.), briefly, to an
even higher degree than during low-level flights in daylight, the "continous struggle for a
stable field of reference" requires the pilot's increased watchfulness and permanent presence
during the entire mission (about 1 1/2 h). This produces an increased level of emotional stress.
The permanent strain of the :rew caused by continuous operation of the controls atd the in-
creased efforts to timely xecognize obstacles are subjective indicators of this. ("There
isn't any moment, which permits to unwind for a second or two")!

Short "breathers" are impossible for another reason. Although NVG missions in a certain
way are similiar to low-level flights in adverse weather conditions, they are different in one
important respect: As visibility is being restricted the helicopter pilot usually will trade
proximity to the ground for an increased obstacle clearance. In the same situation, the NVG
aviator will descend even more and reduce his obstacle clearance in order to improve recog-
nition. Thus he geto into the contradiction of improved visibiliy versus increased flight
hazards. As a result, increased emotional stress is added to the previously high degree of
physical and mental stress.

Very instructive with respect to problem solving in this context is the verbal coordination
maintained between both pilots throughout the entire mission, in order to verify and supplement
information and thus providing safety as well as reducing emotional stress. This dialogue is
experienced as being so important, that as soon as it is interrupted or discrepancies occur,
a reversal procedure is initiated to return to the last orientation point which had been
positively identified.

The effects reported by pilots can be summarized in two complexes. One comprises the
individual reactions to the high pilot work loads, mental and emotional stresses connected
directly to NVG operations. The other comprises social problems resulting from duty hour
regulations.

Higher heart rates, palpitations, a dry mouth, and increased secretion of sweat ("sub-
axillary perspiration is the done thing among NVG aviators") are mentioned as objectivable
symptoms. On the one hand it appears as if the postflight emotional stress is reduced with
increasing NVG experience, but on the other hand even veteran NVG flight instructors experience
undeminished stress during reconnaissance missions and on frequent flights under marginal
lighting conditions within the range of 1.6 to 0.5 millilux.

After their flight, most NVG pilots feel an intensive urge to talk to others. Pilots meet
at the coffee shop to have a beer or two and discuss their previous mission, special occurren-
ces during the flight in a detailedness exceeding the scope of normal debriefings. In fact,
the persons involved are quite aware that they are "blowing off steam" trying to "get rid of
troublesome experiences".

NVG flights, to a much higher extent than other miusions, require "extremely good co-
operation" and the conviction to be able to "absolutely rely on one another". This is why the
quality of interpersonal relations gains eminent importance.

In addition to the problems related directly to NVG flying, which can be classified as
individual-specific responses of pilots to the high mental and emotional stress, NVG flying
generates problems, which are related to it only indirectly. This means problems within
families and changes in other social relations.

The disturbance of the natural night/day cycle is not unproblematic, either. At night,when the organism is switched to rest and relief, the pilots have to provide maximum perfor-

mance, whereas in the morning, when a physiologically high readiness to perform would be given,
the rest period is extended. Also many pilots are unable to find the necessary rest, since
beginning day activities will make it impossible to continue sleeping. So pilots reporting to
be more hectic, nervous, and irritable than they used to be are no surprise.

The survey shows, that night low-level flying with NVGs has various effects and implies
a series of problems and difficulties, whose solution has been only partially successful as yet.
From our point of view the pilots have developed quite efficient strategies to cope with the
direct, mission specific loads and stresses. The variety of measures spontaneously taken by
the individual pilot, are basically designed to reduce tension and to subdue the high level
of emotional stress especially after this kind of mission. These could be supplemented by a
valuable method through systematic introduction into psychological relaxation techniques
(autogenic training, progressive relaxation of muscles after Jacobson, etc.). To what extent
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this could be realized in terms of organization, we cannot assess. It should be stressed, how-ever, that a reduction of muscular tension has been proven to effect an emotional relaxationt
which helps avoiding damage caused by chronic stress.

Dealing with the problems caused by shift operation does not seem to work as smooth as this.Organizational measures (regulation of duty hours, limitation of flight hours, etc.) may bringabout a reduction of pilot work loads, but they alone are not sufficient - as our findingsshow - to solve the problems. This turns the focus from organizational conditions to socialpsychological implications of shift work. The different kind of work does not only affect pilotsbut also their families and other social contacts. It necessitates changes in the individualconduct of life and causes deep changes within family and nonfamily relations. It is suggestedto establish an instruction, which deals with the anticipated everyday problems of shift workand possible solutions, in order not to leave the individual on his own, when trying to solve
these problems.

As for the rest, one should start from the fact that the BUckeburg situation is not repre-sentative for the forces. Introduction of the NVG is scarcely likely to necessitate shift dutywithin the forces for years. The problem within the forces will rather be that frequent changesbetween day and night shifts cannot be avoided and that the factor of interpersonal relationswithin an aircrew cannot very much be taken into account. However, this will also increase therisk of decompensation phenomena. Further analyses of behaviour and collection of physiologicaland psychological data are required to find measures for the solutions of these problems.

VII. REFERENCES

/Gae 75/ Gaertner, H.; W~rmebildtechnik und Entwicklungsziele; Wehrtechnik 8/75, page 390.
/Fra 83/ Franseen, R.E.; Red Cockpit Lighting Requirement Fades Away; Artay R, D & A No 4,

July - August 1983, page 12.
/Har 82/ Hartung, Z.; Beeinflussung der visuellen Leistung dec Menschen unter Einwirkungmechanischer Schwingungen; Dissertation zur Erlangung des Grades sines Doktors derNaturwissenschaften; Fachbereich Physik der Universit~t Bremen; M~rz 1982; pages 151

and 152.
/Jen 83/ Jentsch, R.; Das Fliegen mit Bildverstgrkerbrillen, Ergebnisse einer psychologischenBefragung von Hubschrauber-Fluglehrern. Flugmedizinisches Institut der Luftwaffe,

Abt. VI - Flugpsychologie.

'I



4-1

EVALUATION OF HELICOPTER HELKET-NOONTED DISPLAY MOCK-UP

Guy SANTUCCI, M.D.
Claude VALOT, psychologist

CENTRE D'WTUDES ET DE RECHERCHES DE MEDECINE AEROSPATIALE
5bis, avenue de la Porte de S~vres

75996 PARIS ARMEES

ABSTRACT

A psychophysiological investigation was conducted on a mockup to evaluate a helmet-mounted FLIR display,
This experiment included laboratory and inflight testing. Laboratory testing : angular visual acuity,
contour perception and stereoscopic acuity were tested. Electrooculography was used to test binocular
behavior under monocular stimulation (inter-ocular synergy, binocular rivalry, optokinetic nystagmus).
Results showed decreased angular and stereoscopic acuity, and provided a better understanding of eye
activity components in this situation. Inflight testing : stressful perception was evidenced during low
level helicopter flight, which can be either an overestimation of distances and altitude by active pilots,
or an underestimation of these parameters by passive pilots. An illusory sensation was observed under
certain binocular uses of helmet-mounted displays. It concerns contour vision. Hypotheses are formulated
for these various sensory changes.

INTROGDCrCIOW

The evolution of military tactics and strategies implies a great increase in the number cf nighttime
operations. The helicopter, with its many and various uses, does not escape this rulz. Man's visual
functions in night vision do not allow totally safe tactical flights. Alternative technologies have been
developed (MENU et al., 8) among which thermal imagery took a choice place. It uses a transducer and an
electronic chain which transform infra-red radiation into emissions visible by the human eye. This
radiation is emitted by a CRT which, at the very beginning, was affixed onto the instrument panel. Thethermal camera, with reduced field., had to be mobile to explore the surrounding space, Its sight axis was
initially manually controlled, which, for the pilot, meant observation of lateral space. The camera was,
therefore, not controlled by gaze direction. To alleviate such an inconvenience, the concept of "helmet-
mounted display" was developed. The point is to always place in front of the eye tho landscape spreading
in the axis of the head...

The thermal camera, located for given reasons outside the cockpit, is controlled by head motion. Once
processe.!, its image is displayed on a pilot's helmet-mounted display.,

The state of technologies and their ccsts induced engineers to mount -in a first phase- only one display
in front of one eye. Consequences on visual perception and flying had to be studied. A mockup simulating
this situation was made available to our team to conduct the following evaluation.

1. MATERIALS AND METHfDS

1.i. HEIMEI'-MOUNTED DISPLAY

j The tested equipment called "helmet-mounted display" was the mockup of a system for optical information
display incorporated to a helmet (Fig. 1). It includes a flight helmet complete with

- a small TV camera,

- a multifunction (stroke and rasterscanning) screen, with monochromous green signal emitted for both
scannings,

-an optical block including a semi-reflecting prism for the display of collimated TV images at the
infinite, in front of the pilot's right eye. The visual field is 300 X 400. The prism permits optical
superimposition of synthetic and outside world images. However, superimposition of the TV image can only
be achieved for objects located at a distance of at least 10 m (this is due to the parallax between
camera and right eye).

Various adjustment devices insure equipment compatibility with morphological variability of the
persons wearing it.

1.2. PHYSICAL CHARACTERISTICS OF THE SIMULtATION

In natural vision, stimulation has similar form, light level, color and movement for both eyes,
which is no longer the case with a helmet-mounted display.

Changes are of two types

1.2.1. Different stlmlation8 for left and right eye

1.2.1.1. Luminance stimulating the right eye can only change by 30-150 cd.m-2, whereas the left eye can be
exposed to a much.wider range of luminances, the range of the natural world.

1.2.1.2. The right eye receives
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- a monochromous green TV image (625 lines), intermittent in time and space,

-poorer iragc definition tfewer dots and reduced contrast range compared to reality),

- this virtual image is always collimated at the infinite, whatever f-he ohiecf d;- -. •- ---

Such are the differences between right eye stimulation and stimulation raceiv-)d by the left eye
.hich is a diLrect view of the outside worl!.

1.2.2., Monocular, binocular or third type situatione

Mockup design a)lows a number of .itudtions, some which are for the least unusual, with more or
less predictable consequenceG. Only those which correspond to relevanit use of the device were evaluated.

Monocular vision : left eye c'osed, right eye stimulated by the image of the TV tube with no direct vision
of outside world. Terrain per,option cannot resu3' .rom stereoscopy ; only :ortical factors of this
perception are orrd, and on a deteriorated image.

Binocular vision . the left eye sees the oulside world naturally or through an attenuating neutral filter.
Colors and contrast range are maintained. This filter is used when the predictable difference in luminance
between the two eyes is excesaive.

The right visual channel Is in a very unusual situation. It receives an image picked up by a
sensor located on the lef, of the left eye.

The third type shoold be describcd as bi-ocularity lather than binocularity in the classical
sense of the word.

Given such a situation ,monoculari~y w~ith artificia) image, falaie binocularity. lite.:aturc data
do n , totally answer the que tion : "Is it possible to fly a helicopter uddar operational .,ondations
usinS this device ?".

The little data available provide a framework for experimentation and highlight crucial points

whose influence must be testsd. LEGRAND (7) demoi.strates the role, in stereoscopic oerce,*ion, of viuRil
diZparl-y• i- xtLil .mages wnicn must remain coherent., Amcng all factors quoted 1,y LAYCOCK (6) as

having a role in binocular rivalry, some are ,mplomcxrtPd by the "htleet-mounted display" : luminance
difference, difference in the compl,.x~ty of tile tv'o images. as well as accommod~tion mechanisir. All these

"•factors are related to the fact that cont-ol centers are assumed to be identical for both eyes. Cugnitive
Sproblems related to the operational use o: these devices should also be taken into conqiderotion
different types of more or less complex information processing.

most frcquenrly, approaches are based either upon laboratory work (fundamental physiology or

pure technology), or upon field studies. T'hese two types of sLudies are rarely carried out by the same
teams.

Being aw'are of the value of another apjiroach, we dcstlgned the mockup eval,',ation protocol
according to the tollowing procedure

- laboratory study of visual functions which can be altered by the wear of a helmet mo,•nted display,
fol lowed by

- infl)ght stud" of some of these functions and their integration to aviat)-on tasks.

Experimental equipment and protocol were designed to take this schedule into accoant.

1.3. SUBJECTS

Fifteen subiects (age 29-48) paiticipated in the two stages of this experiment. They were either
civilian or m.lita-y fly,•ng personnel, all involved in test flying, and with 2,000-5.500 flight hours.
Visual functions were na:urally satisfactory in this por lation of flying personnel.

2. LA ORATWII TESTING OF "awr MONTED DISPLAY"

The helmet mounted display was a test mockup. A distinction should be made between :..

- observations depending on used testing materials. Pilct's acuit. in terms of angular and stereoscopic

acuity at the image center and periphery is related to the camera and the optical device

- observations related to monocular situation and binocular rivalry, therefore relatively independent of I
the above obe 4rvations although it does not seem pozsible to really separate acuity from binocular
rivalry.

Finally, all these observationz are alf-3 designed to serve as reference for ,-n, rison with
other image display systems (TV camera + W tube) or binocular or bi-ocular displays (image . , rated by a
camera and simultaneously displayed in front of both eyes)..

2.1. EXPERIMEWTS RELATED TO REAL IMWGE TRANSFER MODS. EVALUATION OF DETERIORATION CAUSED BS XEVICE

The experiments took place 
4
n a closed room, illuminated by ambient liqhting (low photopic) and

spe-ial test lighting the sub e.. observed tests placed at a distance of 10 m in front of him. Several
viewing configurations are possible depending on visual helmet configuration
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- bare head with binocular and richt monoctlar vision,

- free le't eye and TV image off for right eye which perceives laiidscape through the semi-refl-cting
prismi. This corresponds to wearing the helmet with e.,,vent turned off d,,ring dayt3.*e flying,

- identical s.tuation except -vith left eye covered. This monofular rerception permits evaiuating the
influence of opticb alone oe, -i-ion,

- left eye covered and operating TV imaee systemr: the vight eye perceives a double image of landscape, a
direct image and an artific- l image,

- finally, the nost xe.triztive situation where the right eye is stimulated by the IV imaqa.e system alone.
This is what happens in nighttime flying where the only image source is artificiaa.

All these configurations served as -upport for experiments op angular and stereoscopic acuity with,
in additioti, a reference for ea.1h subject, i.e. rinocular vision, bare headed.

2.1.1. Angular acuity

Angular acuity was mesured us ng two cypes of blac," test objects displayed against a white background
(luminance 62 cd.m-2), either Thibaudet a objects, a v-riant of Srellen's E for acuities above 2/10, or
Foucault's 4ights for acuities ýf 0.5-2/30.

The tes ias first pertcrLEi bare headed then under the four other typical conditions previously
described.

I - 2.1.1.3. Results

Fc' all eub3jcts 'isual acuity was above '2/10, bare headed, in binocular, or right monocular vision.

Vision through the semi reflecting prism alone did not impair angular acuity. It was always greater
than 12/10. However, for the ri.l't eye vision through the camera and CRT was impaired, Strangely enough,
acuity ranged between 0,8 and 3/10 (mean valne 1.33/10). The origin of the nexpected dispersion has not
rfound a durinite explanatlon

Suaultaneoua -'ghx. eye visian of the outside world and TV image by the right eye was alsoKd( teriorated but less since visual acuity is only 6/10. The synthetic image behaved as a noise -ource

affecting diret vision thr-ough the prism. This is a significant effect. However, it is not of the same
mdgnitude as the -ýffect previously observed.

2..2•., Depth perceEtion

The experimental equipment was designed after Howard-Dolman's equipment. Three parallel grey bars
were shown at a diEstance oF 10 m from the subject. Each bar was viewed under an angle of 71 and the set of
3 bars :epresented 2' of erc. The subject did not perceive bar top or bottom. The two outside bars were
fixed and servea as reference ; the middle bar was moved by the experimenter, using an electric system.
Ahe subject vas required to indicate whether he perceived the middle bar in front, behind or in the same
plane as the other two bars. This was repeated for typical experimental situations. Respective bar
pocii-ion was determined tor each angular display according to a threshold search technique in two stages

Fir-st stage • constant stimuli, pseudo-random display : perception inversion thresholds were sorted
out (in front/same and same/behind).

Second stage - pseudo-random displays centered on previously obtained thresholds made it possible to
refine threshold assessment, interindividual variability being taken into account. The selected
measurement was the distance, in centimeters, between the front plaiae of the two reference bars and the
test bar in the two above described procedures.,

2.1.2.1. Results

"Mean results are summarized in the following table, for all subjpcts. Numbers represent the distances
P .in centimeters.

-1- BARE HEAD EQUIPMENT OFF EQUIPMENT

MONO R BINO MONO L BINO MONO R

THRESHOLD THRESHOLD THRESHOLD THRESHOLD THRESHOLD
Bk Ft Sk Ft Bk Ft Bk Ft Bk Ft

MEW FRONT/BACKDEA NTBC9 7 6,5 4,5 6 7,3 5 3,8 13,7 11,8
DIS rANCE

GENERAL MEAN 8 S,5 6.6 4,3 1,,7
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"Some remarks should be mdde

,Ine used experimental device is not above critics, especially for the lighting of the bar system.
There is a difference between front and back thresholds, associated with the experimental lighting device.
This fixed lighting induceo a change in middle bar luminance, depending on its position (10 cd.m-2
difference between extreme po.itions). This linear change was explicitely analyzed by some subjects ;
others probably integrated it more intuitively into their response. An undesired learning process could
therefore develop as test runs progressed. Threshold differences between mono- and binocular experiments
diminished. Subjectb used luminance fluctuations as a clue for bar position.

Comparison between monocular vision with equipment on and binocular vision with equipment off
evidences a contour distinction threshold three time smaller for synthetic monocular vision. The quasi
systematic advantage given to the threshold value for front of reference bars is also due to lighting

conditions, associated with the contrast amplifying effect of the camera/tube system. It becomes harder
for the subject to determine a "back" contour vision threshold.

Result restrictions turn this deterioration into an order of magnitude characteristic of used
experimental conditions : head fixity, constant distance between eye and reference system, great contrast
hbtween b'ars and background, and, in addition, possibllity for subjects to recreate reference points for

reciprocal distances between bars.

We wanted to

- observe the effects of a dynamic image on reduced field TV on eye motility,

- test constancy of ocular synergy,
--soDw that simultaneous perception of two very different images is impossible but that, under given

- evaluate the possibility of reading symbology superimposed to a deteriorated image of the outside world.

For each one of these themes, we designed a test which implemented appropriate images, inducing eye

movements recorded by electro-oculography.

2.2.1. Everimental ,rotocol

2.2.1.1. Eye activity recording

The activity of eAch eye was recorded by electrooculography according to the meŽthod described by
Angiboust and Cailler (8). This method was selected because of its relative implementation simplicity, of
the few constraints imposed upon subjects, and of its compatibility with wearing display equipped helmets.

The horizontal motion component with time and amplitude indications is recorded on a tracing 1-ab.e,
together with data generated by the gyrometric sensors of the helmet-mounted display.

Therefore, both head and eye movements appear on the same recording.

We selected not to authorize vision of the outside world (experiment room) through the prism and to

i Se th 6yatem's t•chn.ical capabi s • • . .. t e a background close to coprational reality, controlled
and identical for all subjects. To do this, landscapes were filmed on video tape di-ring low altitude (60
im), very low altitude (15 m) flight at a speed of approximately 150 km/h, above woods and fields,
following skirts of forests Significant changes during stationary or dynami- flight were also recorded.

2.2.2.1. Experimental procedure

S- 4 The subject sat in a helicopter seat, with electrodes placed on either side of each eye in the median
horizontal plane. For calibration, the subject alternatively fixed his gaze on two points distant by 400
according to two procedures used as reference : binocular vision (natural condition), monocular vision
with left eye covered.

* :1 2.2.2. Effect of background inawes on eye mbility

.7- As could be expected, an optokinetic nystagmus was observed during the display of flowing forest
skirt images. The subject was instructed to read these images as during real flight. The two classical
nystagmus phases were observed : landscape follow-up ior 0.5--2s in the di-.ction of image flow. a"

Amplitude fluctuation was approximately 3-15*. Rapid return phase consisting in eye repositioning in'• { •,•the direction opposite to landscape flow. The amplitude was 2-10* for less than 1/10th of a second.

2.2.3. Eye s!, nergy

Eye synergy evidences relationships between eye novements of both eyes when only the right eye is
continuously tracking the image. A circular sight genarated by stroke scanning appears at the center of

the screen with a diameter is ?I and a thickness of 6'. The sight has a horizontal trajectory at the
Ii -• '•- J •• center of the screen ; its motion, at constant speed (8 0 .s-!) is alternative and its amplitude is 5, 10,

15 an-I 200 from screen center. The cycle lasts 30 s and is repeated 3 times. The subject is instructed to
follow sight motion carefully with the right eye. The left eye is covered as well as the outside prism

Awall. The image background is the very low altitude flight recording. The subject must press on tongswhenever sight direction changes. These signals are plotted.

" . Ia b r s th vr lw a I fg
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2.2.3.1. Results

The right eye carefully follows sight motion. As tests are repeated, a learning process appears with
anticipation )f sight motion. Binocular heliavicr is such as could be expected, i.e. both eye movements
slow down when sight direction changes.

During viu'tal tracking gyrometers record some horizontal and vertical helmet movements. Horizontal
movements are recrder' for all subjects. Their velocity does not exceed l00.s-1 and they last
approximately 0.5 s. Such movements usuall- occur after trajectory inversion and when this change is
indicated by the subscct, therefore when thf ye shifts in the opposite direction.

In most cases, •t is not an isolated motion but rather a sequence of alternative motions of
decreasing amplitude. The initial movement probably correspcnds to a reflex of tracking activity
however, following motions may be c ie to helmet inertia.

For certain subjec.--o. it was also observed that tne fact OL prassing on the tongs triggered a reflex
contraction thr-.uQhout t0 entire body. This contract'on was directly recorded by gyrometers, although it
was not direct]y relte-1 to visual behavior. In this case, movements were essentially vertical, lasted
0.5-1 s, at a velccztý less than :O.s-1.

For head rot orcs, wo can conclude that outside of the general acti,,ity condition, vertical head
-v" tlons t-e unfreqý',nt and their velocity i. Jow. Horizontal head motions are more numerous. However,
their low &an~itidc locs rot allow them to be g-'en a role in visual ,nformation oickup.

Subjec.s *. re abk,.- to observe, in prior ty, the backg•rcund image while detecting changes in sight
direction. T,- sobject :, un t is caE,. f.e-er to select his -ye strateqy uire he is asked to view the
recorded flight iage a- n- would if 1-t- •s f ring "L airc'-,ft. Zabscýts have a Yether small eye actvity
with saccadic fixation mo-nrst3 of aj'pr-xiAxately Ito ampl-lt.,9i.

Both eyes have totally ý-y fktrica. v•phviors. Head mot,.nr.b, oostly ý:o izon'-q,, are more numerous and
usually last for some time. Th~s maK.-s ...- m d6fitrent from the previous saituat in wnere they were short
and more rare. Vertical motions were 1rac-tvrly non existing.

The manual direction change i.- ication task performed by the subject is less accurate in this
I experimental context. Anticipated respo.'ses or lack of response are more frequent than during priorityS~sight trac king.

• 2.2.4. inter-cul~ar rivalry

The subject is placed in a situation which tends to create marked binocular rivalry. Right eye
stimulation is identical to first stimulation, i.e. green monochromous image (80 cd.m-2) with continuous
tracking task and far vision requiring no accommodation.

A meter is placed in low position at 30 cm from the ground and 1 m from the :eft eye (100 from the
axis). Its digits are lit and indicate time in seconds. Signal is emitted in orange at a luminance of 21
cd.m-2. This mete-r represents for the subject an instrument of the flight panel. The room is made dark.
The subject performs a double task - follow the sight (first task) and report the appearance on the meter
of second numbers ending with 0 or 5, Meter checking is left to subject's initiative. He must only press
on the tongs whenever he sees a 0 or a 5.

The two images respectively perceived by the two eyes have different luminances, wavelength, contours
"and task support. There is a certain parallelism between this situation and those encountered during real
flight with information source sharing between h,imet-mounted display and instrument panel.

2.2.4.1. Results

Sght, tracking

The sight is properly tracked by continuous eye movements, However, the amplitude is reduced compared
to interocular synergy experiment (2.2.3.). Similarly, an interval of a few degrees is sometimes observed
between eye and sight. Changes in tracking direction are much smaller.

Meter reading

The counting strategy is left to subject's initiative. Some subjects used their intuition of time,"others organized their strategy by counting. The result is either an observation every 5 seconds or
successive observations at a frequency of 1-3 per 5 seconds, Depending on subjects, fixations last 0.3-1
s. Longer times are observed in subjects who prefer waiting a few tenths of a second until 0 or 5 appears.
Reading intervals were satisfactory for all subjects, whatever strategy was used.

Subjects were instructed to keep their head upright, as much as possible, such as the operational
situation required it (thermal camera outside the aircraft re3ponding to helmet motions).

Horizontal head motions never occured for some subjects, were very light for others although meter
reading required a 30* gaze shift down, up to 30* to the left (100 shift from axis and 200 excursion).

Eye synergy

Whea the right eye is dominant because it must follow sight motion, the right eye only moves 310 and
the left eye 286 when the sight travels 406. Left eye trajectory is then 10 % shorter than right eye
trajectory.

S.. -4-l 1i4- J ll ND
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When the left eye is dominant (meter reading), the theoretical shift is always 400. In fact, left eye
moves by 420 whereas right eye moves by only 320. The difference between left and right eye shift is 25 %.
This difference in percentage is correlated with the type of task performed ; in one case tracking task
in the other accurate reading. Systematically, the amplituae of the trajectory of the eye which is not
addressed by the task is lower than that of the eye required to pick-up priority information.

Aost subjects reported feeling that the non observed image was neutralized to the advantage of the
other image. None of the subjects reported experiencing superimposition or fusion of the two images
Jisplayed under the described experimental conditions. These results confirm that two very different
information sources cannot be simultaneously perceived by both eyes. In addition, alternate reading
probably implements complex and unusual mechanisms which must be used very cautiously.

2.2.5. Coherence rivalry between monocular data

The helmet-mounted display is a device which was developed in order to show pilots an unusual image.
They have to obcerve the outside world through an electronic device (LLTV or FLIR) under reduced visual
field with superimposed synthetic data (digital) . The total image is a virtual image displayed at the
infinite.

"How is such information perceived by pilots ?" is the question which we are trying to answer in this
experiment. There is indeed a double monocular task : percept,.on of a landscape image and of a synthetic
image in pararentral vision.

Eight letters were successively displayed at screen periphery in the following order

LAF

U Z
P T I

The display cycle is constant - L.I.A.U.Z.T.P.F..

The subject is instructed to watch screen center and read the letter as soon as it appears, to name
this letter and return to the center.

The appearance frequency is controlled by the experimenter for three cycle repetitions the first
and last are slow, every 2-3 seconds, the second is faster approximately every second.

Letter appearance on the screen is graphically recorded in order to measure response time elapsed
until eye motion takes place. This experiment has two perspectives

- observation of eye motions when stimulation is unique under conditions of eve activity such as punctual
research,, different from previous experiment which only concerned continuous observation,

- letters on vertical edges appear at an angle of + 20., It is interesting to observe whether reading
these letters cause reflex head motion attempting to bring visual and head frontal axes closer. This
reflex is usually observed as soon as target is at more than 15 from visual aris.

2.2.5.1. Results

When the first letter cycle is dicplayed, mean time interval before saccade begins is, Jepending upon
subjects, 0.3-0.5 s although 2-3 second intervals are not unfrequent. Fixation time for reading is
approximately 0.5 s.

For following cycles, which are repeats with the same letters in the same order, a l'earnirg. proc'ss
appears, characterized by anticipation of eye positioning and shorter response times. Fixation time iL
approximately 0.3 s. False antlcipations are also observed, especially when letter succession is slower,
i.e. every 3 s.

For all subjects, both eyes have symetrical compartments for the repetXtions at far as a•mplitude,

velocity and shape of eye shifts. Subjects did not report any special discomfort when ieading letter
•. - sequences.

Head motions only occur during rapid eye movements. Vertical head motions occur at a velocity oe
approximately 100.s-l over an average time of 0.5 s. Horizontal motions occur at only 50.s-i but over
longer times, 1.5 s. -

-- ' The reflex nature of this Activity is evidenced through the quasi general decrease in head movements
as subject performs his repetitions.

2.3. INTERVIEWS WITH SUBJECTS

After each experiment, subjects'impressions we-:e recorded on semi-open questionnaires. Only the most
''"' I striking are recorded.

2.3.1. ZrIzuenta on rivalry types

For the follor.ing experiments, less different from flight circumstances, opinioas were more numerous.

The sight was ;ystematically perceived in a plane closer to the subject than that of the recorded
image. No optical cause can induce an objective gap, The origin of this phenomenon is psychophysiological.
Two channels should be explored image quality and cognitive nature,
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Contrasts exist between the components of the image displayed here luminance contrast, definition
contrast, cognitive contrast.

Luminance contrast : in order that symbology be easily differentiated from filmed landscape,
luminance had to be greater. Luminance differences are a common factor in the appreciation of subjects'
relative position.

The definition of the recorded background image is much lower than that of the sight. A "definition
contrast occurs" whose influence on perception has already been illustrated during studies on target
detection and image analysis according to image structuration level.

There was no formal or design relationship between symbol and background image. This is illustrated
by the difficulty felt by subjects when trying to observe both simultaneously.

It did not seer' possible to simultaneously follow sight motion and flowing by landscape. When
priority is given to sight tracking, subject perceives changes in landscape surface but cannot describe
details which appeared on the image. If priority is given to landscape viewing, detection of sight motions
is less accurate.

An alternative observation could be made icording to the opinion of some subjects. This would call
for other experimental situations since it shoula be reminded that what we used here was a sight without
any symbolic or dynamic relationship with the back-round image.

Sight tracking sometimes causes an illusion. When s-4ht trajectory and landscape motion were opposed
or cuncurrent, the suibject could not exactly distinguish the resulting relative motion. As a result, the
subject gave a false response or no response.

2.3.2., Alternative coneultation

Alternative reading of meter and recorded image showed generalized neutralization of the unread image

since none of the subjects perceived the two fused or even superimposed images.

"Some subjects reported remanence of sight image during meter reading. This is a physiological

phenomenon which has no direct relationship with binocular vision such as is considered here.
Some subjects also reported that shift from meter reading to sight tracking is easier than the shift

in the reverse order.

3. IMFLIGRT EXPRINUTS

A laboratory evaluation showed deterioration of the perception of a subject wearing a helmet-mounted
display. However, real flight involves many more factors. It is therefore necessary to study the behavior
of a pilot flying a helicopter with, as sole source of visual information, the image of the associated
video sensor. However, helicopter flying imposes light measuring instrumentation and makes strict renewal
of experimental measurements difficult. The emphasis was therefore laid upon situations which were easy to
create and which allowed

- assessment of visual acuity and depth perception decrement during various types of flight,

- comparison between the various configuretions of vision possible while wearing a helmet-mounted display,

- permanent observation of h -mounted display/p-lot interactions evidencing phenomena which are
characteristic of this situation.

3.1. STUDIM FUNCTIONS1 Three important functions for low altitude flight were retained as representative criteria pilot's
evaluation of altitude, of distance between him and obstacles and of the velocity of his motion.

3.1.1. Evaluation of flight altitude

tSeveral parameters were judged to be relev nt and were studied in various experiments during two
types of flight translation90

•" :" -two velocities : 60 or 90 kts,

over open fields or following forest skirts,

altitudes ranging between 3 and 30 m, i.e. approx. 10-100 feet,

stationary flight : in front of an edge or over a special area marked "H".

These measurements are made in two contexts

- active equipped pilot : pilot wearinq helmet-mounted display must bring his aircraft to a prescribed
altitude and maintain it d.lrin• stabilized flight. Reading the. radiosonde permits comparing prescribed
altitude with subject's response,

r-
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While wearing a helmet-mounted display, the pilot cannot read the instrument panel, and particularly
the radiosonde. He can therefore only trust his sensations. Moreover, since he gets no cl-e on the quality
of his response, the pilot canno-t correct his judgment. The succession of proposed or required altitudes
is randlom.

Flying over landscapes such as fields or forest skirts allows pilots to keep using their usual clues..
They are indeed trained for very low altitude flight where field and forest skirt size and texture are
information clues.

3.1.2. Distance evaluation

Distence is measured during translation flight using various objects such as posts, forest skirts,
vehicles, houses. The pilot is asked without warning, to give a very rapid evaluation of distance
separating him from a given obstacle. However, since no distance measuring device is mounted oa the test
helicopter, it is impossible to make an objective comparison between pilot's evaluation and real distance.

The security pilot is the reference ; his great practice of firing tests and obstacle avoidance

provides him with a great experience of visual assessoet,t, of distances.

3.1.3, Evaluation of motion velocity

The evaluation of motion velocity rests upon the optical quality of the video display and upon the
analysis of perceptual clues extracted from the reduced visual field. The subject is asked to evaluate the
translation speed during stabilized flights. The airspeed indicator is the objective reference., Its
location makes it invisible for the pilot subject. No clue is provided on response quality.

3.2. INFLIGHT TESTING

3.2.1. Subjects

Subjects were four test pilots between 34 and 44 years of aqe, with 2,000 - 5,500 flight hours.

They particapated in lco.atory experiments.

In order to make subjects familiar with the inve~stigated equirmient, each subject flew four training

flights. This learning phase was left to each pilot's own rhythm. The idea was to bring them to fly
safely, as identically as possible to tactical tlight. It should be noted that none oi the tasks required
during experiments Rer se was mentionned during training, in order to avoid any facilitation process,

3.2.2. Experimental equipment

to ALOUETTE .TII hel pter was used for in-flight 'ssts. A safety pilot attends all tests .n order
to take control in c.%se of human or technical failure. He makes rure that the flight is normal and
provides aircraft ýnvironment control. He flies the aircraft when the subject is passive and brings it to
the altitudes eelected by the experimenter on bcard. Finally, he is the reference for certain evaluations,

3.3. RESULTS

The experiment included two flights of approximately one hour for three of the four pilots and a
single flight for the fourth pilot. We ther and technical conditions, and experimental times did not
permit using the same successive order of various tyres of flights for all pilots, nor to collect the same
amount of data from all pilots.

It was therefore not possible to process observations using statistic techniques ; only trends are
indicated, represented by dot clouds which permit comparing orders with subjects'responses.

3.3.i. Altitudes ia feet

Estimates were presented for all subjects in three contexts

- at 60 knots over forest skirts,
- at 60 koots ovtr open fields,
"- at 90 Knots ovEr open fields.

""oreStrict comparison between tne answer provided by the subject and the indication of the radiosonde in
order to indicate a rate of errors Ns not possible. The subject gives a rough appreciation of the altitude

the answer "40 feet" can accually be giver. for altitudes between 36 and 43 feet. This range is different
for different pilots and at different altitudes. The radiosonde dial can be read with plus or minus two
"feet. Any accurate quantification of the error would therefore be false. Such results should thus be <
merely considered as trends.

3.3.1.1. Flight over forest skirts at 60 knots (Fig.2)

It is obvious that active subjects bring their aircraft at a higher altitude than prescribed. They
overestimate. Inversely, passive subjects bring their aircraft to a lower altitude than requested. They
underestimate.
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3.3.1.2. Flight over fields at 60 knots (Fig. 3)

The same distinction can be made between active and passive subjects. However, response dispersion
is different. Active subjects overestimate the altitude, but their responses can be, in some cases, as
much as triple the real value. Passive subjects mostly underestimate the altitude ; the maximum spread is
independent of the prescribed altitude.

3.3.1.3. Flight over fields at 90 knots (Fig. 4)

Conditions are practically the same as for the 60 knot speed. Altitude is greitly overestimated and
underestimated with greater spreads for the first tendency and results are more accurate for the second.
The 500 speed increase does not seem to notably worsen or improve altitude evaluation.

3.3.1.4. Stationary flight over landing area (Fig. 5)

Responses are rather accurate up to 40 feet above the ground. Beyond that point, active pilot's
overestimation is variable. The small number of observations made on passive pilots doe3 not allow clear
tendencies to be evidenced beyond 40 feed.

3.3.1.5. Stationary flight in front of a forest skirt (Fig. 6)

The forest skirt was the same for all tests. Tree tops were, as an average, 30 feet from the ground.
Very low altitude flight training permitted the subject pilots to give a rather accurate evaluation of
their altitude compared to a forest skirt whose main branches and tree top altitude for various tree
species was known to them. In fact, evaluations are more accurate than in previous situations and the
active/passive dichotomy fades out. The role of a know reference is most significant.,

Such accurate evaluations during stationary flight contrast with those obtained during translation
flight although the reference object, a forest skirt, was used.

3.3.2. Distances in meters (Fig. 7)

The reference value is the quantification made be the non equipped pilot trained for this type of
evaluation. The response is that provided by the pilot wearing a helmet-mounted display in an active
situation.

Responses are very accurate for distances under 100 m for known objects. The few measurements of
distant objects are overestimations sometimes as high as 100 %.

These results on distance evaluation should be compared to those of previous studies. GIBSON and
BERGMAN (04) showed that in passive situations pilot students always underestimated distances, even with
binocular vision. In active situations GROSSLIGHT et al. observed overestimation with monocular vision and
underestimation with binocular vision during wheel centering on target. Compared to this last study, our
pilots with monocular vision correctly evaluated short distances (under 100 m) and alike GROSSLIGHT's
subjects only overestimated for great distances. If we consider results obtained by GIBSON on pilot
students, our pilots can be considered as being, partly, in a training situation. They are active and give
different responses. If we review results of all three types of studies carried out in very different
contexts but with the same finality, it can be concluded that very complex phenomena are involved. It does
seem to be a phenomenon of cortical integration.

Finally, considering that these experiments were performed during day-time in a clearly photopic
environment, it seems difficult to relate them to observations made on the poor appreciation of distances
during night flight.

3.3.3. Notton velocity (Fig, 8)

The pilot is periodically invited to evaluate speed, between altitudes of 20 and 100 feet without
systitezatlzation.

Estimates are generally accurate. However, some overestimations are made when speed increases.

3.3.4. Vismal acuity test

We felt that it would be interesting to test the separating power of the equipped eye in the real
environment. After each flight, an angular visual acuity test was performel uuing Landolt rings.

The helicopter was landed and the rotor in motion. Under such conditions, acuity averages 2/10
MONNOYER. This value is slightly higher than that observed in the laboratory. The higher luminance of the

test performed in the open probably explains this improvement.

3.4. COSERVATIONS MADE ON TEST FLIGHTS

Information regarding learning of the helmet-mounted display use was gathered from pilots flying
with this equipement for the first time. These pilots reported stresses felt during flight and maneuvers.

In illusory sensation was also reported in a special visual configuration using the helmet-mounted
display.

3.4.1.Ler

The four preliminary flights performed by all pilot subjects were, for each one of them, the first

time they wore a helmet-mounted display in flight, characterized by restricted visual field (30* x 400)
and non negligible restriction of the eye's separating power (2/10).
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Pilots learn very quickly to fly with a helmet-mounted display. The most dramatic learning process
occured during the first flight.

The level of performance reached after four flights vas quite satisfactory since it authorized low
altitude flights (15 m). Learning was also evidenced by the possiblity of flying longer and longer flights
as more repetitions were made with reduced fatigue. Pilots describe their progress in terms of fewer head
motions, greater maneuver comfort in configurations more smilar to natural binocular flight.

This phase could not be subject to a systematic study in order to observe and quantify progress and
strategies for the different pilots. This remains to be done. No generalization should be done. Subjects
are all test pilots and therefore used to adapt quickly to a special flight device. A less specialized
population could encounter other problems.

3.4.2. Flight stress

A short interview with each pilot at the end of the experiment permits identifying maneuvers which
are made more difficult, maybe even impossible with the helmet-mounted display

- rapid landing and taKe-off, obstacle contour, very low altitude flight (lower than 30 feet), sharp right
and left turns are more difficult,

- turns with more than 450 slope, quick stop on obstacle and landing on a precise not marked point seem to
be practically impossible.

Rapid stop and landing without reference imply sharp evaluation of distances and magnitudes and we
saw to what expent the provided image impaired this perception.

3.4.3, Illusions

At the end of each flight the pilot was placed in a binocular situation with operating helmet-mounted
display image and an attenuating filter over the left eye. The filter was selected in order to attenuate
difference ,n the .uminance between both eyes.

The pilot, with binocular vision in reduced field (300 x 400 for each eye) viewed an artificial image
with the right eye and a natural image with the left eye.

As soon as this system was arranged, pilots expressed a very comportable feeling (after 45 mn of
monocular flight). A low altitude flight over a wheat field was no problem but the pilot misevaluated his
altitude - he believed he was flying 5 m over the field although he was flying just 1-2 m over the ears at
80-90 knots.

Landing on a known landing area, a pilot thought he was 3 m high when the wheels touched the ground.
This misevaluation was so obvious that the pilot discarded the information provided by the ground effect,
ascribing it to a change in wind direction.

Such misinterpretation of information is typical of illusory sensations, The binocular configuration
induced great overestimation of the depth in all four pilots under similar circumstances. This
misperception was much greater than simple overestimation which had never caused such great discrepancies
between perception and reality for such low altitudes.

3.4.3.1. hpotheses on observed illýsion

In order to explain this illusion, PULFRICH's stereophenomenon described in 1923, contrasts and
spatial frequencis mentionned by BLACK and CORNACK (02), disparity in retinal image sizes (FOLEY et al.
(03)) c,,n be evoked.

Pilots were observing the world through two images whose difference in light level was in a ratio of
approximately 20 (equipped right eye/left eye with neutral filter). This is the base of PULFRICH's
stereophenome non.

Image contrasts are different for right and left eye ; in fact contrast ranqe available on TV is
smaller than that observed for the left eye (direct vision of outside world). In addition, spatial
frequencies perceived by both eyes are different - right eye is handicdpped compared to left eye.

Finally, if we consider that the scale 1/1 through the optical device was obtained only for distances
of more than 10 m, for shorter distances disparity in image size between both eyes can also be observed.
Flight altitudes were lower than 10 m when illusions were observed.

"3.4.3.2. Synthesis on hypotheses

As a conclusion, each of the quoted disparity sources could be the cause of a depth illusion in a
A'. J •special context. All these disparities occur when the pilot is wearing a helmet-mounted display in

binocular vision. Some differences should be noted : experiments use mobiles which move along an axis
perpendicular to gaze, whereas the helicopter creates image motion parallel to gaze, therefore an image
moving up and down mostly composed of horizontal lines. Experiments, on the contrary, use mostly vertical
lines. Hypotheses formulated by the va.:ious authors rest upon parameters, motion axis, orientation,
contrasts, whose real effects are poorly known.

In such a context, it is not possible to selectively ascribe the observed illusion to a given factor.
It is rather caused by an intricate combination of all factors.

n n n n n ii :,, Vn--
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cosiw~siot

The evaluation performed here tested a mockup representative, by its general architecture, of
devices designed for helicopter tactical night flight.

The most important conclusion is that pilots were able to fly using this device. However, some
maneuvers were impaired. The cost, in terms of extra wcrkload, was not directly evaluated. Clinical
observations and description of simple phenomena reveal that it is far from being negligible. It is
difficult to alleviate this workload since its underlying mechanisms are poorly known.

Some performance degradations are caused by the technical state of the art of the equipement.
They can be suppressed by chosing other experimental protocols for other experiments. The effect of

reduced visual field has already been studied inflight without using this equipment (PAPIN et al. (10)).

Other stresses are inherent to the design of the device. Thus thc difficulty to locate oneself
in space. Special solutions must already be investigated.

The main idea is to provide the pilot with additional information to supplement information no
longer 'available. This is the aim of studies referred to by the general name of symbology (PAPIN (09),
SANTUCCI (11)).

Thus, because of its joint laboratory/field aspect, this study identified major problems which
will require technological developments and studies fccueed on human factors.
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RECUME

Dans le cadre d'un jrojet de visualisation F.L.I.R. riontee sur 'visuel de cascjLe*, une 6tude

psychophysiologique a A3t6 r~alis~e avac une maquette. Ce travail comportait une phase an laboratoire et
une en vol..

En laboratoire

Les e xp6rimentat ions ant portii sur llacuit6 visialle angulaire, le sells du relief et l'acuit6

st~roscprqe donspart, et d'autre part, A l'aide de l14lectro-oculographie sur le cosiportement

binoculaire en ,tiusulation zsonoculaire pour :la synerqie intar-oculaire, la rivalit6 binnculaire, le
nystagmos nptocinl~tique.

Les r~sultats out montrA unc perte des acult~s angulaires et st6r6oscopiques --t ant parmls de
pr~ciser las cosipoeeults de l',ctivit6 oculaire dans cette situation.

En vol:

Des contra~n-vs sur I activit6 perceptive lois du vol A basse altitude en h~licopt~re ant pu itre
constat~aa, toutes deux variahles selon la valeur considez~e

-surestisation des distan~ces e,' altitudes pour le pilote actif,
- sous-estimation culez les pilot,-s passifs,

tine illusion spnvorielle a 6t6 constatee dans certaines utilisations binoculalirs du "visual de
casque'. Ella cuncerne ld visjon d~i relief. Des hypoth~ses sont avanc~es pour ces diff~rentes alt~rations
sensorielles.

INTRODUCTION

L'16volution des strategies et des t-actictues militaires conduit A multiplier lee operations
nocturnes. Llutilistin de !'h6licoptý-re danq sea c~iff~rents emplois n'6chappe pas Ak catte r~gle. Les
fonctions visuelles de l'hossne en vision n(ctarne nlautorisent pas des vols tactiques en toute s~curit4. 1
Des technologies de soppl4aolce (NENU, at Coll. (08)) ant donc 6t d46-e1opp6es. Parmi cellas-ci, l':'sagerie ''

Lhermique occipa un place de choix. )Elle repose i~ur l'utilisation d'un captaur ar d'une chaine -'

It 6lectronique qui transfo)rment La rayonnement ii~fya-rouga ea 6rnissions visiblas par l'oeil husiain.

La g~n~ration do cacta 6utissior est faite par un tube cathodique qui, au tout ddbut, 6tait fixi
sur la planche da bord. La cais6ra thermugue avec un cheamp r6:u~t devaixt donc ktre mobile pour explorer
l'espaca environnant. 12.1tialarsant, sa direction de vis~e 6tait cosseand6e manuellement, ce qui se
tradluislait pour le ptlote pir l'obsurvation de Ilespaca lat~ral.,

11 n'Y avait don: oass asserviagemant de la caim4ra A la direction du regard. Pour pali.e.s i ces
inconv~nienta cc: n4 Ie concept dle "visuel dn cas",e'. 11 Wagit de prosenter toujours devant Iloeil le
paysaga gui se- trouve clans t'axv de la tato...

La csamdra thermique, situie pour des ralsons propras A Il.at~rieur de i1aeronef, est asservie aux
msutvaeaents de tate. gon image, apiaa traltersent, est prisantke sur une visualisation fix~e sur le casque
du phioto.

-r. 16ta ft tec~inoiogies et do lour.a cofts oat incitb~ .ics inginieurs A nlinstaller clans ur. premier
temps go 'une soule '7isualismti-oa en facoo du usol eo3 e~i. WA& conasIuencss aur ts perception visuelle et
stir Is pilotagfr " devalznt (1,'tro 6)tudl6os, Peaur eela, une taquette simulant cette situation a 4&tA mise &

notre disposi tkort. 2lle a pet-mia Js x-iaier I 1ivaioatiozs pr4jsanttio ici.
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1. LE VISUEL DE CA�QUE

1.1. DESCRIPTION T�CHNI�UE

L�quipement �tudi4 d�nozm� V�suel de casque' est la maquette dun systAme d� pr4sentation
ootique dinformations integre a �2n casgue (figure 1) . Il eat compcse d'un casque do vol ou sont fixes

une cam4re TV de * :�ite taille,

- un tube t�l6vision mult�moda reli4 A is cam4ra pour le balayage TV et A une �1ectronique ce pilotaga
pour le balayage cavalier. L�mission est monochrome verte pour les deux types de balayege,

- un bloc optique comportant un prisme semi-i�fl4chissant assure la pr6sentation de limage TV collimates
A linfini davant loeil droit du pilote. Le champ visuel est ue 300 x 400. Le prisme pervret la
superposition optique de 1 'image synth6tique � celle du monde �cterieur. Capendant, la suparposi..ion de
l'image t�l�v�son et celle du *sonde Lxterieur ne paut �tre obtenue qua pour des objets situ6s au soins
A 1Dm (ceci est � A la parallaxe entre la cam4ra et l'oeil droit�.

Divers dispositifs de r�glage assurent Ja compatibilit� de l�quipement avec 1:1 variabilitA
morphologique des psrsonnes amen�es A le porter.

1.2. CARACTERISTIQUES PHYSIQIJES DE LA STIMULATIONI I ______

En vision naturelle, las deux yeux reqoivant chacun ur.e stimulation similaira en forme, niveau de
lumiAre, coulaur * mouveme'� I nan ast 3lus de macse avec le port du visuel de casque.

Ses particularitAs pauvent �tre reqxoupAas en deux granCes familles

__________________________________________________________________ I

1.2.1. DES STiMULATIONS DIFFERENTES POUR LOEIL GAUCHE ET POUR LOEIL DROIT
1.2.1.1. La luminance stimulant loail droit ne peut varier que da 30 A 150 cd m-2, elors

que l'oeil gauche pout atre soumis A une gamma do luminances beaucoup plus voste, celle du monde naturel.�

I' 1.2.1.2. Loeil droit repoit *

- une m.t�' t�Avision (625 lignes� monochrome varte. Ii Senit dune stimulation intarmittente dens la
tespa et dens lespece,

- le d4finition de limage est moms bonne (nombre de points et gamme de contrastes r�duits par rapport A

- cette image ast virtuelle et toujours collmmat�e A lmnfini qualle que soit Ia distance de lobjet.

1' Cac� souligna lee dmff&ences avec le stimulation regue per �'oeil gauche gui ost une vue directe

du monde 1.2.1.3. Des situations monoculaires ou binoculeires ou dun troisiAme type

Larchitecture de la maqu�t�-e eutorise un certain norsbra de situations dont certaines sont pour le
moms mnhabituellas avec des cons6qmences plus ou moms pr4vmsmbles. Seules ont 4tA effectivemant 4valu�es
cailes correspondent a des smtuati'.ns pertinentes dutilisetion du dispositif.

En monocule�r�. neil gauc-le occlus, seul l'oail droit est stimulA par limaga du tube t�l4vms�onj sans vision directe du monde extrietcr. La perception du relief ne peut se faire par mise en �eu de le
st�r�oscopie seuls los facteur� corticaux da cotta parcaption 5O�. utili'c4s at ceci sur une image
degradAe.

I ________________

j nautre ett�nuetaur, la polychromie eat consarv�e de m&sa qua is gamma des corrastes. Ce filtra eat
utilis6 En binoculeiia l'oeil gauche voit la monde axtArmeur da fegon returelle ou A travers un filtra

lorsqua is difference previsable de lumi'�anca entra las deux yaux aCt excessmva� 12
La can�.l visual droit eat dens una smtuet�on tout A feat inhebituc.Lla. En effet, il regoit une

image prase par t�n capteur situ� A gauche de losil gauche. I-
La troisi�±me type m�rita le terma de bi-ocularmt4 plut8t qua de binocularitA eu sans traditionnel

du mot.
Devant une telle situation sconocularitA evec image artafacialle, fausse binocularitA, les

donnees da is bibimographie ne repcndent pes plaineinant a is question qoi se pose "Peut-on piloter un
h4licoptAre en codditions oo4retionneliea evec ce disposatif ?'.

4
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Les quelques uvi~ess disponibles permettent d'6tablir un cadre pour llexp.6imentation et mettent
en exergue lea points cruciaux dont l'influence dolt itre v~rifi~e. Ainsi LEGRAND (07) inontre bien le i~le
dans la perception du relief de l'acuit6 visuelle, de la disparit6 des images ratiniennes qui doivent
rester coh~rentes. Parmi tous les facteurs cites par LAYCOCK (06) intervenant dana la r~valit4
binoculaire, certains sont mis en jeu par le "visuel de casque" la diff~rence de lumiLnance, la
ditfarence de complexit6 des deux images, ainsi que les m~canismes accommodatifs. Tous ces facteurs sont
ha~s au tait qu'il eat cor~sid6r4 que les centres de commande Sont identiques pour les deux yeux. A cela,
11 convient d'ajouter ja prise en compte des problames cognitifa appardissant lors de l'uLilisation
op~rationnelle d- ces dispusitifs traitement d'informations plus ou momns complexes, de natures varises.

on remarque que les appruches les plus frdquentessoant basesa suit aur des travaux de laburatoire
(physiologie fondamentale ou technologie pure) suit sur des 6tudes de terrain. Ces deux types de travaux
sont rarement conduits par lea n~mes 6quipes.

Conacients de l'intarat d'une autre d~marche, nous avox,q cuncgu le protocole da6valuation de la
maquette qui nous 6tait confi~e aelon le sch6ma suivant:

- 6tude en laburatoire des fonctiuns visuelles pouvant 6tre 'nodifiass par le port d'un "visuel de
casque',

- suivi par une 6tude en vol de certaines de ces functions et de leur integration au sein des tiches
aaronautiquea.

Lea dispusitifs exp~rimentaux et le protocule ont 6t6 d~finis en fonction de cet objectif.

1.3. LES SUJETS

Pour ces deux 6tapes de ld6tude, 15 su~ets ont 6t6 retenus. Ils appartiennent tous au corps du
personnel navigant civil et militaire et unt en commun d'appartenir & des organismes ayant une function
d'essais. Leur fige eat compria entre 29 et 48 ans. Ils ont effectu6 de 2000 a 5500 heures de vol. Leur

appartenance ýu personnel navigant garantit un 6tat satisfaisant de toutes lea fonctions visuelles.

2. EXPERIENCES D EVAL0ATION DU "VISUEL DE CASQUE" EN LABORATOIRE

Le "visuel de casque' 6tait une maquette d'6tude. 11 1-onvient donc d'6tablir une distinction entre

-des observations tributaires des moyesn employ6s. L'acu~t6 du pilots en termea angulaire ~
st&4~oscopique au cse-tre et en burdure d'image eat liae ! ls catAra et A l'optique utilis~es,

-des observations tenant A la situation monoculaire et A la rivalitI6 binoculaire, donc relativement
ind~pendantes des pracadentes, bien qu'il lie semble pas possible de diajoindre raellement acuit6 et
rivalit6 binoculaires.

Enfin, l'enemble de ces obseivations eat 6galemer~t destin46 A servir de rafarence en cas de

comparaisun avec d'autres chalnes d'affichage d'images (cam6ra TV + tube talavision) ou de pr~aentations

2.1. EXPERIMENTATIONS LIEES AU (lOOE DE TRANFERT DE L'IMAGE REELLE.
EVA-LUATION DES DEGRADATIO14S INDUITES PAR LE DISPOSITIF.

Description du site exp~rimsntal :pour ces travaux, un local "los eat utilis6. L16clairage y eat
fourni par deux sources :lumiare ambiants (phutopiqus baa), lumiare propre aux tests utjlis~s.

selon la cenfiguration visuelle du casque utilis6

- tate nue en binoculaire et monoculaire droit,

- oeil gauch',. libre et chalne image TV 6teinte pour l'oemi droit qui pergoit donc le paysage A travers le
K prisme semi-raflachissant. Ceci correspond au port du casque avec 6quipement 6teint en vol diurne,

-situation identique A l'exception de I 'oeil gauche occult6, cette perception monuculaire permettant

d'6valuer l'influenco, de l'optique aeule sur la vision,

-oeil gauche uccult6 et chalne image TV en functionnement lIoeij. droit pergoit donc une double image
du paysage :directs et artificielle,

-enfmn, la situation la plus restrictive oii l'oeil droit eat stimul6 par la seule chaine image TV. C'eat
le cas d'un vol nocturne o?) la seule source dimnage aerait artificielle.
L~ensemble de ces possibilit~a a serv- de support aux exparimentations sur l'acuit6 angulaire et '

st~r~oscopique avec en outre une raf~rence pour chaque sujet cunstitu~e par la vision binoculaire tate
nue.

Par
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2.1.1. ACUITE ANGULAIRE

Elle est mesur~e au moyen de deux types d'otoptypes pr~sent6s en noir sur ung plage blanche
(luminance 82 cd m-2)

- soit ceux de THIBAUDET, une variante du E de SNELLEN, pour les acuit~s sup~rieures A 2,/1e,

- soit des mires de FOUCAULT pour les acuit~s de 0,5 A 2/10e.

Le test est pass6 tout d'abord tate flue puis dans les quatre situaticns typiques

pr&c~demment d6crites.

Pour lensemble des sujets, 1'acuit6 visuelle est sup6rieure A 12/10e, t~te nue en vision
binoculaire ou s'onoculaire oeiI droit.

La vision 6 travers le prisme semi-r~fl~chissant seul n~alt~re pas l'acuit6 angulaire. Elle est
toujours sup,;r~eure A 12/10e.

Par contre pour l'oeil droit, la vision A l'aide de la cam~ra et du tube cathodique est d~grad~e.
Fait curieux, les acuit~s observ6es se situent selon les sujets entre 0,8/l0e et 3/10e (la valeur moyenne
est de 1,33/10e). L'origine de cette dispersion inattendue n'a pas trouv4 d'explication certaine.-

LI vision simultan6e par l'oeil droit du monde ext~rieur et de li1mage t~l~vision est 6galement
d~grad~e mais 6un degr6 moindre puisque 1'acuit6 visuelle nest plus que de 6/10e. L'image synth~tique se
comporte comme un~e source de oruits parasitant la vision directe A travers le prisme. Cet effet est
notable. Toutefois, ~i n~a pas lampleur de celui observ6 pr~c~demment. .

2.1.2. PERCEPTTmN DE LA PROFONDEUR

L'appareillage retenu pour cette exporimcntation s'inspire de celui d'HOWARD-DOLMAN. on pr6sente,
&10 m, trois barres verticales grises par-ll16les. Chaque barre est vue sous un angle de 7' et le systý-me

des trois occupe 20 d'arc. Le sujet ne pergoit de ces barres ni la base ni le sommet. Les deux barres
lat~rales sont fixes et servent de r~ftrence. La barre centrale est mobile et d~plac~e A b'aide d'un

syst~me 6.lectrique par 1'exp6rimentateur. Il est demand6 au sujet d'indiquer sill pergoit la barre
centrale en avant, en arri~re, ou sur le m~me plan que lee deux autres, et ce pour lee situations
exp6rimentales typiques. La position respective des barres est d~termin~e pour chaque pr~sentation

angulaire selon une technique de recherche de seuil comportant deux phases

Premier temps A stimuli constants par pr~sentation d'ordre pseudo-al~atoire :lee seuils
d'inversion de perception sont d6grossis (avant / pareil et pý..eil / arri~re).

Second temps: des pr~sentations pseudo-al~iatoires centr~es cur las seuils obtenus auparavant
perrnettaient de pr~ciser ceux-ci rapidement compte tenu des variabilit~s inter-individuelles. L~a mesure
retenue eat la valeur en centim~tre de la distance s~parant le plan frontal des deux barres repý-re de

celui de la barre test dans lea deux proc~dures d~crites ci-dessus.

Les r~sultats moyens sont lee suivants, exprim~s en cm pour 1'e'isembld des sujets.

EQUIPEMENT
TETE NUE EQUIPEMENT ETEINT PLN

MONO D BINO MONO D BINO MONO Di

SEUIL SE~UL SEEIIL SE~UL SE~UL

AR AV AR A AV AR V ARAV AR IAV , "4

moyenne 6cart AV 9 7 6,5 4,5 6 7,3 5 38 13,7 11,8

174 et AR~

8 5,5 6,6 4,3 12,7 .. 4-*

moyene g~~ral
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Quelques observations doivent Atre formul~es.

Le dispositif exp~rimental utilis6 W'est pas exempt de toute critique, en particulier pour
l16clairage du syst~me de barre. Il existe une difference entre les seuils avant et les seuils arri~re qui
est like a l'6clairage du dispositif exp~rimental. Cet 6clairage fixe induit uz~e variation de la luminance
de la barre centraje selon sa position (10 cd m-2 d'6cart entre les positions extr~mes) . Cette
modification lin~aire a 6t4; analys~e explicitement par certains des sujets, d'autres l'ont sans doute
int~gr~e A leur d~marche de fagon plus intuitive. 11 y a donc eu possibilit6 d'un apprentissage parasite
de la situation A mesure des r~p~titions. Aussi les diff6rences de seuil entre monoculaire et binoculaire
sont minor~es. Les sujats utilisent les variations de luminance comme indice de position de la barre.

La comparaison entre la vision monoculaire 6quipement allum6 et la vision binoculaire 6quipement
6teint montro un seuil da distinction du relief trois fois moindre pour la vision monoculairo synth~tique.
Llavantage quasi syst6matique donn6 A la valeur de seuil pour l'avant des barres de r~f~rence eat aussi
issue des conditions d'6clairage et ce, joint A Ileffet amplificateur de contraste de lonsemble cam~ra
tube. 11 en r~sulte pour le sujat une plus grande difficult6 A d~terminor un seuil arri~ra de vision du
relief.

Les restrictions apport~es aux r~sultats font que cette d~qradation est un ordre de grandeur
propre aux conditions exp6rimentales utilis~es comportant :immobilit6 da la tate, distance constante
entro oeil et syst~me de r~f6rence, contraste important entro barros et fond, avec, de plus, !a
possibilit6 pour la sujet de recr~er des points de rep~ra des distanices r~ciproques des barres.

2.2. EXPERIMENTATIONS LIEES A LA VISION BINOCULAIRE

Rappelons que larchitecture du syst~me est telle qu~elle stimule Ileý yeux de fagon diff6rente ou
un seul oeil de fagon inhabituelle.

Nous avons voulu

- observer les offets d'uno image dynamique sur t~l6vision & champ r6duit sur la motilit6 oculairec

- verifier si la synergie oculaire demeurait bien constante,

- montrer que la perception simultan~e de deux images tr~s diffdrentes eat impossible mais que, sous
certaines conditions, une consultation alternative eat possible,

- valuer los possibilitds do lecture d~uno symbulogie surimpos~e A une image dL~grad~e du monde
ext~rieur.

Pour chacun de ces thiimes, nous avons conqu un test mettant en jeu des images appropri~es,
induisant de s mouvements oculaires recueillis par 6lectro-oculographie.

2.2.1. PROTOCOLE EXPERIMENTALI 2.2.1.1. Recueil de Ilactivit6 oculaire
Le rocueil do l'activiti! de chacun des yeux sera effectu6 A l'aide de l16lectro-oculographie salon

la m~thode d~crito par ANGIBOUST at CAILLER (08). Rile a 6t6 retenue pour sa ielative simplicit6 de miSO

en oeuvre, le peu de contraintes qu~ele fait subir aux sujets,, et as compatibilit6 avec 1e port du casque
supportant l&6quipement de visualisation.

La composanta horizontale du d~placement avec indication de la dur~e et do l'amplitude est
onregistree sur une table tragante de m~ma quo les donndes issues des captours gyrom~triques du "Visual do
casque.

Ainsi, sur le m~me onregistromant, sont disponibles los mouvoments do tate et los mouvemonts des
yeux.

Nous avons choisi do no pas autorisor la vision du monda ext~rieur (local exp~rimental) A travers
1e prisme at do mott-ro A profit les capacit~s techniques du syst~me pour cr~ar un fond proche do la
r6alit,ý op6rationnelle, contr616 at idantique pour tous los sujets. Pour ce faire, dos prises do vues ont
6t r~alis~es au magn~toscope lors do vol basso altitude (60 in), tr~s basso altitude (15 m) a una vitassa
d'environ 150 km/h avac des survols do bois at do champ, des suivis de 1.isi~res. Des 6volutions
importantos an vol stationnaira ou dynamique ont 6galement 6t6 enrogistr~os.

-Xý 2.2.2.1. D~roulament des exp~rimentations

La sujet ast assis dans un si~ge d'h~licopt~re. Apr~s lapplication d'6lectrodes plac~es do part
at d'autra do chaque oeil sur 1e plan horizontal m~dian. Pour 1'6talonnage, 1e sujet fixa altarnativement
son reg3rd sur deux points distants de 400 salon deuA modalit~s servant do r~f~rence en vision

binoculaira, (condition naturelle) at en vision monoculaire, l'oeil gaucho 6tant occult6.
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2 2.2. FFFETS DES IMAGES DE FOND SURE LA MO1BILITE OCULAIRE

Comme il 6tait pr~visible, un ,lystagmus optocin~tique a 6't6 observ6 lors de la pr6sentation
d'image de 4ýfilement devant des lisi~res de bois. Lz consigne 6tait de lire ces image'i comme lors d'un
vol r~el, Les deux phases classiques du nystagmus 6taient pr~sentes.

Phase de suivi du pasyage pendant des temps de 1/2 6 2 secondes, dans le sens du d~filement. Leur
amplitude vanie d'envwron 3 i 15o.

Phase de retour lapide consistant en un repositionnemenc de l'oeil dans le sens oppos6 au

d~filernent d paysage. L'amplitude eat de 2 A 100 pour une dur~e inf6rieure A 1/l0e de seconde.

'2,22A. LA SYNERGIE OCULAIRE

Eile vise s'wettre en 6vidence les rapports entre les d~placemnents oculaires des deux yel';ý lorsque
seul le droit ear c;oumis A une activit6 de puursuite continue. Un r~ticule circulair'- q~n~r6 en bal~yage
cavalier apparaft au centre de l'6cran, son diam~tre est de 20 et son 6paisseuf de 6'. Il a une
trajectoire horizontale au centre de l'6cran, son mouvement, A vitesse constante (80/s) , est alternatif et
son amplitude eat de 5~, 20, 15 et 200 p~ar rapport au centre de l'6cran. L'ensemble du cycle dure 30 s et
il eat r~pkt4 3 fois. La consigr'e est de suivre fid~lement aveq l'oeil droit le d~placement de ce
r~ticule. L'oeil gauche est occult6 ainsi que la face externe du Ijrisme. Le fond d'image est
llenregistrement de vol A tr63 basise altitude. Le 3ujst doit appuyer mur une pr~celle & onaque changement
de direct~on du r~ticuile, cein mignaux sent recueillis sur la table tragante.

2.2.3.1. R6sultats

L'oeil droit assure une poursuite fid~le du r~t-cule. Au cours des r~p~titions, du fait de
I'apprentissage,, un effet d'anti';ipation sur la poursuite du r~ticule se manifeste. Le comportement
binoculaire est tel quPi pouvait Atre pr~visible :les deux yeux se d~placent simultan~ment. Cependant,
pour quelques sujets, 11 a k6t constat6 un raleitissement de l'oeil gauche lora du changement de direction
du r~ticule.

Lora de la poursu~te oculaire, lea gyrom~tres captent quelques mouvements du casque, horizontaux
et vorticaux. Lea d~placements hor-izontaux apparaissent chez l'ensernble dos sujets. Leur vitease ne
d~passe gu~re 100/s et ce pendant environ 1/2 a. Ces mouvementa me ci~clenchent en g~n~ral apr~s

O binversion do ha trajectoire et l'indication de ce chan'0smerkt par le sujet donc lorsque l'oeil repart en
sens inverse.

Dan$ la majorit6 des cas, i! ne s'agit pas d'un mouvesient imolA rmaim d'une suite de d~placements
alternatifs d'amplatude dekroissante. Le mouvement initial correspond probablement A une activit6 r~flexe
de pourmuite ;par contre, il se peut que les suivants moient dus 6 l'inertie du casque.

D'autre part, pour certains mu~ets, il a ;t observ6 que le fait d'appuyer sur la pr~celle
d6clenchait une contraction r~flexe de lensemrble du corps :elle est directement prise en compte par les
gyrom~tres biCn que n~appartenant pans pr~cis~ment & un comportement vis'lel. Dana ce cas, lea mouvements

semnt esmentiellement ve~ticauy, d'une dur~s de 0.5 A I a avec une vitesme inf~rieure A 50

/s.

P-our les mouvements de tate, il est possible de conclure que:
En dehors de la situation dlactivit6 g~n~rale, lea mouvements de tate selon l~axe vertical mont

peu nombreux et leur vitesse eat faible. Les motivements de t~te horizontaux sont plus nets. Toutefo.is,

leur faible amp~ltude ne permet paa de leur attribuer un r~le dana la prise d'information visuelle.

11 a 6t6 demand6 aux mujets d'observer de fa,;on prioritaire l'image de fond tout en assurant la
d~tection des chanqements de direction du r~ticule. Le aujet eat dans ce cam plus libre de la strat~gie
oculaire puisqu'il lui eat demand6 de regarder l'inage de vol enregistr~e cosine il le ferait en pilotage.

* Lea aujets montrent une activit6 oculaire asaez faible avec des mouvements de fixation saccadique
d'environ 100 d'amplitude.

Lea rleux yeux ont des co'nportements tout A fait syin~triques. 11 exists des mouvementa de la t~te,
pr~incipalerpent ioorizontaux, plum nornbreux, d'une dur~e en g~n~rale assez longue. Ceci lea diff,-rencie de
la zituati.on pr~c~dente o6 ils A-taient brefs et plus rares. Les d~placeisents verticaux mont quasmirent

- - ~inexistants,F' - exace La tSche isanuelle d'indication de changement de direction effectu~e par le au,'et eat ici momnsj

exate dnSce contexte exp~rimental. Lea r~ponses anticip~es ou absentes sont plus nombru~uses que hera du
siiprioritaire du r~ticule.

2.2.4. RIVALITE INTER-OCULAIRE

Le5 adjet est isis dans lune situation terjant A provoqua-r une rivalitA- binocuhaire marqu~e. La
* ~stimulation cie h'oeil droit est identique A celle de la premi;6re, c'est-i-diri image monochrome verte :-

(80 cd m-2) avec une tiche de poursuite continue et vision mu loin, ne n~cessitint pam dlaccomsnodation.
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En position basse 6 30 cm du Sol et A I m de l'oeil gauche (A 100 de l1axe) se trouve un compteur
dont les chiffres sont lumineux et indiquent un d~compte de secondes. L'A6mission est orange et la
luminance est de 21 cd m-2. Ce coispteur figure pour le sujet lemplacement d'un 6l6ment d'une planche de
bord. Le noir eat fait clans is piece. La t~che effectu~e par Ile sujet est double :ii doit suivre le
r~ticule de fagon prioritaire.

Ii doit signaler iapparition Sur is compteur des nombres de secondes termin~s par 0 et 5. La
fr~quence de consultation est laiss6e A son initiative. Il ne doit appuyer Sur la pr~celle validant une
bonne lecture quAi la vue du 0 ou du 5.

Les deux images perques respectivement par chacun des yeux diff~rent donc en terme de luminance,
longueur d'onde, forme d'image et support de tiche. II existe un certain parsll~lisme entre cett~e
situation et ceiles rencontr~es iors d'un pilotage r~ei avec partage de source d~informations entre le
visuel de casque et une planche de bord.

La poursuite du r~ticuie

Elle est effectu~e de fagon ccorrecte par des mouvements oculaires continus. L'amplitude en eat
tout de m~me r~cduite par rapport A ilexp~rimentation synergie inter-oculaire (2.2.3.). De m~me, on
constate parfois un retard de quelques degr~s entre ioeii et is r~ticule. Lea changements de direction de
la poursuite sont tr~s amortis.

La lecture du compteur

La strat~gie de d~compte 6tait iaiss6e A linitiative du aujet. Certains ont fait jouer leur
intuition du temps, d'autres ont organis6 celie-ci 5 iside d'un comptage. Le r~sultat en sera Soit une
observation toutes les 5 secondes ou bisn une succession d'observations avec une fr~quence de 1 a 3 par 5
secondes.

La dur~e de fixation vanie selon les sujets de 0,3 A 1 a. Lea temps plus longs sont observes chez

des sujeta, la r~gularit6 des tops de lecture eat bonne quelle que Soit is strat~gie retenue.
Les uies aaiet pur onsgnede ardr, utat qe firese ouvltla atedroite telle que

la itutio opratonnllepourai ledemnde (cm~r thrmiue xt~ieu Al~a6ronef asservie aux

prveens u asqutend) ulusi:mseecnep.qeeol~ppris.Pu esml

pour datebien qua ie compteur ncsieune d~viation du reaujeet1vrslebs, etr )us gers30

Lorsue oei drlt st omiant depar a cnsine ui ui mpoe d suvrele r~ticule, on

Loraque c'est loeil gauche qui eat dominant (iecture du compteur) ie parcours th~orique eat
tou3oura de 400. En fait, l'oeil gauche fixateur d~crit 420 e4t loeil droit se~.iesent 320. La diff6renca
deparcours ast ici de 25 %. Lea 6carts observ~s dans la r~duction de course sont A rattacher A is nature
dutravail effectu6 tache de poursuita dans un cas, lecture fine dens lautre. Syst~matiquement,

i'amplitide de la trajactoira de i'oeii non soliicit6 eat moindra que caile de loeii qui doit prendre
Virforzsation prioritaire.

Enfin, lea sujats ont, dana une tr~s large proportion, d~crit uine sensation de neutraiisation de

]'image non obsarv~e au profit de l~autre. Aucun sujat n's d~clarA; avoir perg;u une superposition ou une

Vmosbilit6 d'une perception sizsultan~e de deux aource3 d~informations tr~s diff~rentes vuas par
chacun des deux yeux. En outre, is lecture ait~r~e met probablemant en jeu des m~canismes complexes et
inhabituesl dont is sollicitation doit se faire de fagon prudente.

2...RIVALITE DE COHERENCE DES INFORM4ATIONS MONOCULAIRES

Le 'Vitsual de casque' eat un diapositif mis 'u point pour pr~senter au pilote une image ;

inhabitueile. En effet, ii sera conduit A observer ie monde ext~rieur A travars un dispositif 6lectronique
(LLTV ou FLIR) sous un champ r~duit avec an aurimpreasion dqs informations synth~tiques (aiphanum~riques) .
L'enaerbie 6tant une image virtuells re~etee A linfini.

"Comment sont perg;ues de telies informations par le piiote '" eat ia question que
Ilexp~rimentation se propose d'aborder. Ii s'agit I& en effet d~une double t~che monoculaire :perception
d'une image du paysage et d'une image synth~tique en vision paracentrale.

Pour ce iaire, huit lettres sont pr~sent~es succ~ssivement en bordure de i'6cran et dalier salon
la disposition ci-contra A

ii z
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Le cycle de pr~sentation est constant L.I.A.U.Z.T.P.F.

Il eat demand6 au sujet de regarder la r6gion centrale de l'6cran et d'aller lire la lettre d~s
son apparition, de nommer cette lettre, puis de revenir en position centrale.

Le rythrne d'apparition est cosmande par l'experirsentateur pour trois repetitions du cycle la
premiere et la derni~re se font A one allure lente toutes las 2 6 3 secondes, la deuxi~me A tine allure
plus 6lev4e, environ toutes lea secondas.

L'apparition de la lattre sur 1'6cran eat marqu~e aur lanregistresient graphique pour masurer le

d~lai de r~po::: qui sl6coule )::qu':u d6but du::::vement ocula:::.

- observation des deplacements oculaires lorsque la stimulation eat unique dans des conditions d'activit6
oculaire de recherche ponctuelle diff6rant donc de l'exp.6rimentation pr~c~dente qui concerneit une
observation continue,,

- les lettres des bords verticaux epparaissant selon un angle de + 20*. Il eat ii~t~resaant d'observer si
la lecture de ces lettres provoque un mouvament r~flexe de la tate visant A rapprocher axe visual et
axe frontal de la tate. Ce r6flexe eat constat6 habituellement dý-s qua la cible eat A plus de 150 de
laxe visuel.

Lors du premier cycle de lettras, le d4lai moyen du d~but de la saccade est, selon les sujets, de
0,3 A 0,5 a, encore que les d~lais de 2 A 3 a ne soient peas rares. La durde de fixation pour la lecture
eat d'environ 0,5 s

Pour ' ,s cycles 3uivants, qui sont des r~p~titions avec lea m~mes lettres dans un ordre identique,
on observe L -tain apprentiasage marqu6 par l'anticipation des positionnemants oculairas, des dilais de
r~action :s. L p~riode de fixation se stabilise vers 0,3 a. On observe 6galement de fausses
anticipati' ),palement loraque la succession eat effectu~e A rythme aasez lent, en moyanne toutes
las 3 a.

Pour l~ensemble des sujeta, les deux yeux ont des comportaments sym~triques durant lea trois
r~p~titions en ce qui concarne l'amplitude, la vitasse et is forme des d~placements oculaires. Lea sojets
nont peas voqu6 de gene particuli~reaA la lecture des suites de lettres.

Lea mouvements de trete ne se manifestent qua pour lea d~placements rapides de l'oeil Lea
d6placements verticeox de la t~te se font dana ce cas A one vitesse d'environ 10*/s sur one dur~e rroyenne

I de 0,5 a. Lea horizontaux sont effectu~s A one vitasse moindre 50/s mais sur de plus longues dur~es, 1,5
S.

Le caract~re r~flexe do cetta activit6 eat montr6 par la r~duction quasi g~n~rale des mouvements
de tt-te avec la r~alisation des r~p~titions effectu~es par le sujet.

2.3. ENTRETIENS AVEC LES SUJErS

A lissue de cheque exporimentation, lea impressions des sujeta 6taient recueillies A latde d'un
questionnaire aemi-ouvart. Seuls lea 6lements lea plus saillants sont rapport~s.

2.3.1. EXPERIENCES SUIR LES TYPES DE RIVALITES

Pour lea exp~riences suivantes momns 6loign~es des circonstances de vol, lea opinions ont 4t6 plus
nombreusas.

Syat~matiquement, le r~ticule a 6t6 per-go sur on pl'z. plus procha do sujet qua cabin de 1'.ýmage
enregistr~e. Aucune cause optique ne pouvant produire daceart objectif. L'originne de ce ph~nom~ne eat de
nature psychophysiologique. Deux voies sont A explorer :la qualit6 de l'image at as nature cognitive.

Des contrastes existent entre lea composantes de limmage pr~aent6e ici :contreate de luminance,
contraste de d~finition, contraste cognitif.

Le contreste de luminance :pour qua le symbologie soit bien diff~ranciable do paysage filisA, as
luminance Atait plus 6lev~e. Or, lea diff~rences de luminance sont on fecteur common dens llappr~cistion _

de ia position relative des objets.
La d~finition de l'image fond enregiatr~e eat bian inf~rieure A celbe do r~ticula. II se cr~e on

"contrasts de d~fmnition", dont linfluance sur is perception a d63A 6t6 illustr~e bora d'6tudes sur ls
d~taction de cible at leanalysa d~image salon leur niveas da structuration.

Ii naexiatait eucune relation formella 00 concaptualla entra symbole at image de fond. Caci eat
illustr6 par be difficuit6 rassantia par las su~ats A observer aimultan~mant baa deox.

La auivi do mouvamant du r~ticula at le d~fibamant do paysaga n~ont peas peru int~gralemant
r~alisabias simubtaný,ment. Loraque ia priorit6 eat doinne aus soivi du reticule, be su~et parg;oit las
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changements de surface du paysage mais ne peut pr~ciser les d~tails apparus sur Ilimage. Si Ilobservation
du paysage lo--mporte, la detection des mouvements du r~ticule est momns pr~cise.

Une observation alternative pourrait 6tre realisee selon lavis de certains su)ets. Ceci
appellerait d'autres situations exp~rimentales car ii slagissait ici, ii faut le rappeler, d~un r~ticule
sans rapport symbolique ou dynamique avec l'image de fond.

Le suivi du r~ticule s'est parfois trouv6 A l1origine d'une illusion. Lorsque le trajat du
r~ticule et le mouvemant du paysaga, Ltaient oppos~s ou concourants, le sujet ne savait pas & coup s~r
distinguer le mouvamant relatif resultant. 11 s'an suivsit une r~ponse eron~ie ou absente.

2.3.2. LA CONSULTATION ALTERNATIVE

Ld consultation alternative du cosptaur at da l'image, enregistr~e a montr6 l'6tablissement
ganeralisa d'une nautralisation de l'imaga non lue puisque aucun des sujats n'a perqu 3es deux images
fusionn~es ou m~ma superpos~es.

Certains sujets ont 6voqu6 une remanenca oculaire de 1' image du r~ticula lors de la lecture du
co'spteur. Il s'agit li d'un ph6nom~ne physioloyique sans rapport direct avec la vision binoculaire tella
quella ast envisag~e ici.

Il a 6galement 6t6 observ6 par quelques sujets que laisanca du passage de la lecture du comptaur
6 celia du r~ticule est plus grande que pour l'op6ration inverse.

3. EXPERIMENTATIONS EN VOL

Le6valuation en laboratoire a montr6 une d~gradation da l'activit6 perceptive d~un su)et 6quip6

d'un ,isuel de casque. Mais le, vol r6el fait mntervenir una marse de facteurs beaucoup plus importante. Il

source d'information visuella, li1mage du capteur vid~o associ6.

Toutefols, le vol en h~licopt~re impose una instrumentation de masure 16g~re et rendl difficile
toute r6p6tition stricte des mesuras exp~rimantalas. Aussi. l'accant a-t-il 6tL& mis Sur des situations
simples A crier o6~ po'waieait 6tre 6valu6

- Peffet des d~gradations de l'acuit6 visuelle, at du Sens de la profondaur lors de diff~arets types de
vols,

-la comparaison entre las diff~rentes configurations da vision possiblas avec le visual de casque,

-une observation parmananta des interactions visual de casque - pilotaga permettant de constatar des
ph~nom~nes sp~cifiquas A catta situation.

I ~3.1. "IINCTIONS ETUDIREE

j ~'rois fonctions importantes poar la pilotagc A bassa altitude ont 6t6 retanuas comma crlt~res

representatifs. Il s'agit de l16valuation par le pilote de l'altituda, de ls distance le, s~parant
d'obstacles at de la vitesse de son d~placemant.

3.1.1. L'EVALUATTON DE L'ALTITUDE DE VOL

Piusieurs param~tres ont 6t6 3ug~s partinants at ont fait l'ob~et de v?riations exp~frimentales au
cours de daux types de vo,

en tran~slation

- selon daux vitesses :60 ou 90 nds,
- an plain champ ou en suivi de lisi&re,

2~1 - salon des altitudes de 3 A 30 m, soit environ 10 A 100 piads.

~7~1 an vol stat-ronnaira devant una haie ou Sur une aira, am~nag~e marqu~e~~

Cas masuras sont affectu~es dans deux contaxtas

-pilota 6quipA actlf :la pilota p.rteur du visual de casque doit placer la machine A una altitude da,
consigna. puis tenir calle-ci en vol slzabilis6. La lecture de la radio-sonde permat de comparer
altitude de consigna at r~poi.~se du su)et,

-pilote 6quip4 passif :le pilote, non 6quip6 stabilise la machine & une altitude consigne qua le pilote
equipe; dolt evaluer le plus rapidemient possible. Dans ce, cas 6galement, ii y a comparaison entre
altitude de consigrie at r~ponse du sujet.
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Le port de 1l6quipement interdisant la lecture de la planche de bord, et plus particuli~rement de
la radio-sonde, le pilote ne peut se baser que sur ses propres sensations. D'autre part, aucune indication
n'6tant donn~e au pilote sur la qualit6 de sa r~ponse, i1 lui est impossible ue corriger son jugement. La
succession d'altitudes propos6es ou demand~es est al~atoire.

Le d~roulement des vols sur des rep~res de paysage tels que champs ou lisi~res permet aux pilotes
de conserver l'usage de leurs indices habituels. Ils mont en effet entrain~s au vol A tr~s basse altitude
oii la taille et la texture des champs ainsi que des lisi~res mont des 6l6ments informatifa.

3.1.2. EVALUATION DE LA DISTANCE

Cette mesore eat effectu~e en vol de translation sur diff~rents objets :pylanes, lisiý-res,
v~hicules, habitations. 11 eat inopin6ment demand6 au pilate d'6valuer tr~s rapidement la distance le
s~parant de tel obstacle. Toutefois, aucun dispositif de meaure de distance n'6tant mont6 aur
llh6licopt~re d'essai, 11 eat ýmpossible de confronter abjectivement 6valuation et r~alit4, Le pilate de
s6curit6 constitue la r~f~rence de cowparaimon ;la pratique d' qsais de tir, d'6vitement d'obstacles lui
fournissant une grande exp~rience de l'estimation visoelle de distance.

3.1.3. EVALUATION DE LA VITESSE DE DEPLACEMENT

Son appr~ciatian repose elle aussi aur la qualit6 optique de la chalne image vid~o et sur
l'analyse d'indices perceptifs extraita do champ visoel r6ýuit. Ii eat demand6 au sujet dlestimer la
vitease de translation bora de vals stabilis~s. L'indicateur de la vitease - air eat la r~f6rence
objective. Son emplacement le rend invisible au pilote-sujet. Aucone indication n'eat fournie sur la
qualit6 de la r~ponse.

3.2. DEROULEMENT DES ESSAIS EN VOL

3.2.1. LES SUJETS

Lea aujets mont quatre pilotes d'emmaim, ig~in de 34 A44 ens et ayant de 2000 A 5500 heurem de
vol. Ils ant particip6 aux exp~rimentations en laboratoire.

Afin de lea familiarisar A la pratique du vol evec l16qoipement titudi6, chacun d'eux a effectu6
quetre vols d'entrainement. Cette phase d'apprentissage 6tait laiss~e ao rythme propre de chacun des
pilotes. La perspective etait de lea amener A voler en securite de fagan ausmi proche que possible do vol
tactique. il eat A noter qu'aucune des t~ches qui leur mont demand~es bora des exp~rimentations proprement
dites n'a 6t6 6voqu~e durant cet entrainement de fagon A ne pas provoquer de facilitation particuli~re,

3.2.2 LE MATERIEL EXPfMIMENTAL

L'h~licopt~re retenu pour lea essais en vol eat une ALOUET1TE III. Un pilate de s~curitA eat
pr~ment lors de taos lea emmaim pour reprendre lea commandes en cam de d~faillance humaine ou technique.
Il veille au d~raulement carrect do vol et assure la surveillance de lenvironnement de la machine,~ Il
assure le pilotage lorsque le aujet eat en situation passive et place la machine aux altitudes d~finies

par Ilexp~rimenteteur pr~ment A bard. Enf in, il canatitue la rif~rence pour certeinem Avaluations.

L'exp~r...sent3t~ion a comportA deox vols dcfnviron one heure pour troim des qoatre pilotes, et on
vol seol poor le qoatri~me. Lea conditions m~t~orologiqoes et techniques, lea d~lais experimentaux nont
pam permis d'effectuer poor cheque pilate lea mgmes successions des diff~rents types de vols ni de
recueillir poor chacun d'entre eux le m~me nambre de donn~es.

Aummi n'a-t-il peas 6t6 possible de traiter atatistiqoement lea observations ;des tendancem meules
* mont indiqu~es, elles mont pr~sent~ea moos forme de noage de points permettant de comparer lea conaignem

avec lea r~ponses des sojeta.

3.3.1. ALTITUDES EN PIEDS

Lea estimations mont pr~sent~es toom sojets confondus dens troim contextem

A60 noeuds en survol de champs, (
-A 60 noeuds en muivi de limi~res,
-A 90 noeods en survol de champs,

La comparaison stricte entre la r~ponse fournie par be sujet et l'indication de la radio-sonde en

vue d'indiquer on taux d'erreors nect pam possible ;le sojet estime un cordre de grandeur de laltitude
en valeur arrond?.e :ainmi one r~ponse de 40 pieds peot 6tre donn~e poor des heoteurs r~elles comprises

IF altitude. La lecture do cadran de radio-sande pout 6tre faite A plus oo moinm 2 pieds. Toote ~
quantification pr~cise de lerreur serait de feit erronge. Ces r~soltata mont donc a conaiderer comme des
tendancem.
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3.3.1.1. Vols en suivi de lisi~re A 60 noeuds (figure 2)

on constate de faqon marqu~e que las sujets actifs placent leur apoareil o ne altitude sup~rieure
6 celle de la consigne indiqu~e. uls surestiment. A linverse, pour les sujets passifs, la valeur
d'altitude qu'ils donnent est inf~rieure a la r6alit6. Ils sous-estiment.

3.3.1.2. Survol de champs A 60 noeuds (figure 3)

La m~me distinction est obser'a~e entre les r6ponses des sujets actifs et celles des sujets

paE..ifs. Toutefois, la dispersion des r~ponses est diff~rente pour les deux cas. Les sujets actifs
surestiment leur r~ponse d'une faq;on assez dispers~e avec des 6carts pouvant atteindre le triple de la
valeur r6elle. Les su~ets passifs sous-estiment de fagon pr~dominante ;1'6cart maximum est ind~pendant de
l'altitude de consigne.

3.3.1.3. Survol de champs A 90 noeuds (figure 4)

Les conditions sont sensiblement lea m~mes que pour une vitesse de 60 noeuds. Surestimation et
sousa-estimation marqu~es avec 6carts plus importants pour la premi~re tendance et r~sultats plus pr~cis

pour la aeconde. Ljaugmentation de 5O % de la vitesse ne semble pas alt~rer ou am~liorer notablement
l'eatimation de l'altitude pour lea sujets.

3.3.1.4. Vol stationnaire sur aire d'atterrissage (figure 5)

Lea r~ponses sont asaez 3ustes jusqu'A 40 p-ýeds du aol, ao-deli, la sureatimation du pilots actif
eat plus variable. Le nombre restraint d'observation avec pilote passif ne permet de d~gager de tendance

pr~cise so-dessus de cette altitude.

3.3.1.5. Vol stati,ýnnaire devant une li&i6re Zfigure 6)

La liai~re utilis~e eat la m~me pour tous lea essais. La cime des arbres eat en moyenne & 30
pieda. L entralnement au vol A tr~s basse altitude des pilotes-sujets de cette exp~rimentation leE, conduit
A one a ppr~ciation asaez pr~cise de leur altitude par rapport i unap lisi~re dont ils connaissent la
hauteur des composanta branches maltresses, cimes salon le type d'arbre. De fait, la Justeasse des
appr~ciations eat meilleure qua dana lea situations pr~c~dentes et la dichotomie sujet actif/passif
sasatompe. L'importance du syst~me de r6f~rence connu eat ici d~terminante. Ces appreciations justes en
,,1 stationnairs s'opposent A celles obtenoes en vol de translation avec pourtant le mime objet de

? r~f~rence de hauteur, la lisi~re.

3.3.2.- DISTANCES EN METRES '(figure 7)

La valeur de r~f~rence eat la quantification effectu~e par le pilote non 6qoip6 entraln6 A ce
genre d'6valuation. La r~ponse eat cells fournie par le pilote 6qoip6 du visuel de casque en situation
active..4 on observe one pr~cision 6lev~e dana l'sstimation des distences inf~rieurea A 100 m poor des
objets connus. Lea qoelqoss mesores d'objets lointains donnent lieu A one sorestimation pouvant aller

Ces r~sultats concernant l'appr~ciation des distances sont A comparer A des 6tudes ant~rieores Sur
le ujet. En situation passive, GIBSON et BERGMAN (04) :vaient montr6 que des:4lves plotes sous-

estmaint ou~urslesdisancset ce, mime en vision binocolaire. En situation active, GROSSLIGHT et
Coll on obsrv6unesorestimation en oouaretuesu-sitonnbnclielr dnpsr

Par rapport A cette derni~re 6tude, nos pilotes en monoculaire estiment correctement les coortes
distances (inf~rieures A 100 m~tres) et ne surestiment, comme les sujets de GROSSLIGHr, qu'A grande
distance. Si on considý-re l'6tude de GIBSON avec des 616ves, on peut noter qoe nos pilotes sont en
situation partielle d'apprentissage. Ils sont actifs et donnent des r~sultats diff~rents, Au total do
rapprochement de ces trois types d'6tudes effectu~s dans des contextes tr~s diff~rents mais avec la mgme
finalit6, on ne peut que tirer la conclusion qu'il s'agit de ph~nom~nes tr~s complexes. Il semble bien que
ce soit on ph~nom~ne d'int~gration corticale.

Enf in, compte teno que ces exper imentat ions ont et6 faites de jour en ambiance nettement
s- I photopique, ii paralt difficile de lea rattacher aux observations faites Sur la mauvaise appr~ciation des

distances en vol de nuit.

3.3.3. VITESSE DE DEPLACEMENT (figure 8)

Le pilote eat p~riodiquement invit6 A 6valuer la vitesse. Ces observations ont i6t pratiqu~es
entre 20 et 100 pieds, sans syst~matisation.

Lea estimations sont correctes ..ans lensemble. Il semblerait tcutefoia qu'une aurestimation se
produise avec 1l616vation de la vitesse.

3.3.4. TEST D'ACUITE VISUELLE

Il nous a paru int~ressant de v~rifier le pouvoir s6parateur de l'oeil 6quip6 an ambiance r~elle.

A l'issue de chaque vol. un test dlacuit6 visuelle angulaire Sur anneaux de LANDOLT a fti pratiqu6.
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L'halicoptare 6tait pos6 et le rotor en mouvement. Llacuit6 dans eec conditions ect en moyenne de 2/10e
MONNOYER. Cetta valeur est l6g~rement sup~rieure A celle observ~e en laboratoire. La luminance sur~rieure
du test en plein air explique sans doute Ilam6lioration constat~e.,

3.4. OBSERVATIONS SUR LES VOLS D'ESSAIS

Ii a 6t6 possible de recueillir aupr~s des pilotes qui volaient pouur la premi~re fois avec un tel
dispositif des informations quant A l'apprentissage de son utilisation. En outre, eec pilotes ont 6voqu6
las contraintec cur le domaine du vol et des 6volutions.

Enfin, dans une configuration particuli~re de vision i l'aide du visual, une illusion a 6t6
conctat~e.

3.4.1. APPRENTISSAGE

Les quatre vols pr4alables effectu~s par touc les pilotes sujets constituent pour chacun cPentre
eux la price de contact en vol avec le visuel de casque qui se earact~rise par una restriction du champ
visual (300 A 40') at une restriction non n4gligeable du poovoir s~parateur de l'oeil (2/10e).

Las pilotes ont connu une habituation tr~s rapide de pilotage avec le visuel. L'apprentissage le
plus important avait lieu au cours du premier vol.

La nivaau de performai~ces atteint apr~s quatra vols 6tait tout A fait satisfaisant puisquill a
autoris6 des vols A tr~s basse altitude (15 m~tres) . L'apprantissage slect 6galement manifest6 par la
possibilit6 d'effectoer des vols de dur~es accrues A macore des rdp6titions avac una r6duction de la
fatigue ressantia. Las pilotas d~crivent laur progression en terma d'6conomia de mouvaments de tate, de
facilit6 de manoeuvre dans des domainas plus prochas du vol natural binoculaira.

Catte phase n's pu donner lieu A one 6tude syst~matique dans le but d~obsarver at de quantifier
las progr~s et lea strat~gies salon las pilotes. Ceci recta Ai faire. 11 faut cur ce point se gardar deg~n~raliser. Las sujets sont tous pilotes d'eccais at de ca fait, habitu~s A sladaptar rapidamant A un
dispositif de vol particuliar. line popilation momns sp~cielms~a pourrait rencontrer d'autres probl~mes.

3.4.2. CONTRAINTES SUR LE VOL

Un court entratien avac chacun des pilotas an fin d'exp~rimentation permet d'6voquer las types deI
manoeuvres renduas plus difficiles, voira impossiblas avac le visual de casqua

-las etterriccages at d~collages rapides, le contour d'obstaclas, le vol A trL-s basse altitude
(inf~rieur A 30 pieds), las virages A droita at gauche accantu~s sent d6clar~s plus difficiles,

-lea virages A trbs forte incliraison sup~riaure a 450, I'arr~t rapide cur obstacla at le poser cur un
point pr~cms non marqu6 cemblent pratiquamant impossiblas.

A noter ici qua l'arrat rapids at le poser sans r~f6rence suppocent una netta appr~ciation des
distances at des grandaurs at nouc avons vu A qual point 11image fournia handicapait cetta perception.

3.4.3,. OBSERVATIONS D'UNE ILLUSION

A la fin de cheque vol, le pilota 6tait mis en situation binoculaire aevc la chelne image du
visual en fonctionnement at un filtre att~nuateur cur l'oeil gauche. La filtre 6tait choisi de fagon A
att~nuar l'6cert de luminance entra las deux yeux.

La pilote disposeit done d'une v'.sion binoculeira A champ r~duit (300 x 400 pour cheque oeml)
caract~ris~e par la vision d'une image artificialle cur loeil droit at naturalle cur l'oeil gauche.

D~s la mica an place de cat am~negemant, las pilotes axprimaient on senti1me.nt de confort tr~s
marqu4 (ceem intervanant apr~c 45 mn de vol monoculeire) . Un vol A besse altitude s~ir on champ de b16
6tait affectu6 bien volontiers. Mais l'estimation de l'altitude par le pilots 6tait erron6a :ce croyant A
5 m~tres, celui-ci volait all~gremant A 1 ou 2 mitres des 6pis de b16 at ce A one vitesse variant de 80 A
90 nosuds.

Lors d~un pos6 cur l'aira balis~e connue, un pilota s'est astim6 & 3 m lorsqus las roues ont
touch4. Cetta 6valluation faussa a 6t6 ci pr~gnanta qua le pilote a 6cart6 linformation donn~e par las

P vibrations dues A l'effat du sol an llattribuant A un chengement d~axe du vent.

Ca glissement dlinformation act tout A fait propra A one illusion sencorialle. Catta configuration
binoculaire a done induit one forte surestimation de la profondeur chez las quetre pilotas dens des
conditions corcperables. Catte perception allait bian au-delA de la sorastimation qoi, poor de ci femblac
altitudes, n'avait jamaic provoqp.6 d'aussi grends 6carts antre perception at r6alit4. A
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3.4.3.1. Hypoth~ses sur l'illusion observ~e

Pour expliquer cette illusion, on peut ivoquer le st~r4oph6norn~ne de PULFRICH d~crit en 1923, les
contrastes et les fr~quences spatiales 6voqu~s par BLACK et CORNACK (02) , la disparit6 des tailles des
images r~tiniennes (FOLEY et Coil. (03)).

Lee pilotes observaient le monde A travers deux images dont la diffarence de niveau lumineux 6tait
dans un rapport d'environ 20 (oeil droit 6qu~p6/oeil gauche avec filtre neutre). Clest bien 1A, la base du
st~r~oph~nom~ne de PULFRICH.

Lee contiastes des images sont diff~rents pour l'oeil droit et pour l'oeil gauche en effet., la
gareme de contraste disponible cur is t~l~vision est plus raduite que calle observi~e pour 1'oeil gauche
(vision ditecte du monde extarieur( . Par ailleurs, lee fraquences spatiales perques par lee deux yeux soot
diff~rentes :i'oeil droit est handicap6 par rapport a l'oeil gauche.

Enfin, si iVon consid~re que l'6chelle 1/1 a travers le diepositif optique n'6tait obtenue que
pour des distances sup6rieures A 10 m, en-dagh, on peut trouver des situations de disparit6 de taille
d'irsage entre les deux yeux. Lee altitudes de vol lore de l'oheervation de l'tllusion 6taient inf~rieures
a 10 M.

3.4.3.2. Synth~se cur lee hypoth~ses

En conclusion, chacune des sources de disparit6 cities peut @tre it l'origine d'une illusion de
profondeur dans un contexte particulier. Or, toutes ces disparitas se retrouvent avec le "visuel de
casque" utilis6 en vision binoculaire. Certaines differences mont & noter :lee exp~rimentations utilisent
des mobiles se d~plagant cur un axe perpendiculaire au regard, slurs que 1'halicopti~re crae un mouvement
de l'image paralli-le au regard, donc une image allant de haut en bas, compos~e de lignes plutat
horizontales, lee exp~ri mentat ions privil~giant lee lignes verticales. Lee hypothases pr~sent~es par lee
diffarents auteurs mettent en avant des paramatres, sens du d~placemant, orientation, contrastes dont lee
modalit~s effectives soot mal connues. Dane un tel contexte, 11 n'est donc pas possible d'attribuer
lillusion observ~e a un facteur de fa(;on pr~f~rentielie. 11 s'agit davantage d'une intrication de
1 ensemble.

CONCI USION

L'6valuation a port6 cur une maquette repr~sentative dane son architecture g~narale des
% dispositifs pr~vus pour permettre le vol tactique en halicoptare de nuit.

Le fait majeur &retenir est que lee pilotes ont pu effectuer des vole avec ce dispositif. Mais i1
existait des limitations aux 6volutions. Le co~it, en charge de travail suppl~mentaire, n's pas 6t6 6valu6
directement. Mais lee observations cliniques at is description des phanomanes 616mentaires permettent de
d4/duire qu'il est loin d'Atre nagligeable. La r~duction de cette charge de travail act difficile car lee

* ~mcacnismes qui l'induisent soot real connus.
4 Certaines d~gradations des performances sont liaes A 1'6tat de ia technique du mat~riel utilis6.
A4 on peut s'en affranchir en menant des exp~rimentat ions salon d'autres protocoles. Ainsi lleffet de is

4VI reduction du champ a 6t4- 6tudi6 en vol sans utiliser ce mat~riel (PAPIN et Coil. (10)).

D'autres contraintes soot inh~rentes A is conception mama du dispositif. Ainsi is difficult6 pour
se situer dans l'espace, des solutions palliatives doivent donc 6tre d'ores et d43& recherch~es.

L'id6e maltresse act de fournir au pilole des complaments d'informations pour supplaer celles qui
ne soot plus disponibles. C'est ce a quoi tendent lea 6tudes dasignaes sous le nom gan~rique de symbologie
'(PAPIN (09), SANTUC'CI (11)).

Ainsi, de part sa d~marche con jointa de laboratoire et de terrain, cette 6tude permit de recenser
lee problames majeurs qui donnaront lieu A des daveloppements techoologiques et des 6tudes centr~es sur
las facteurs humains.
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DISCUSSION
Papers 1-4

1. Major Verona - USA - Image Intensifiers: Past & Pre~ent.
2. Dr Bohm - Germany - FLIR, NVG and HMS/D Systems for Helicopter Operation.
3. Capt Haidn - Germany - Operational Experiences with Night Goggles in Helicopter Low-Level Flight at

Night.
4. Dr Santucci - France - Evaluation d'une Maquette de Visuel et Casque pour Helicoptere.

Brenn3n UK:, fou say that you do not like blue-g~reen lighting and are adopting a fluorescent system lit by
UV. Do Yo-u not encounter problems with autokinesis?

Haidn G[1 Yes, I know this problem but we always fly with visual contact whilst using sensors, so we have
reference to the outside scene and we did not see any iIlusions when looking at the UV lit instruments.

Bohm GE: What was the UV light? Can you see this light from the outside? An enemy could see UV light
iT-F--hid special detectors,

Haidn GE:. We could see the UV light inside the cockpit but it would not be detected as easily as the
blue-green light. At about 250m we can see the blue-green lit cockpit, but not the UV lit cockpit. So
we prefer, for the time being, UV lighting, but things may change.

Psimenos GR:. Did you have any accidents directly connected with NVG's, and my second question, do you use
sleeping pills for day relaxation of pilots operating at night?

Haida GE:, Let us answer the second questinn first. We do not prescribe anything for the pilots rest, we
only gi ve them time to do what they want. They start in the late afternoon, fly their mission and go back
home and in addition to this we give them a second free day during the week. They do not have duty on the
Friday and have a long weekend, that is all we can do at the moment. To answer the first question, yes
we did have one accident and we believe that the cause of this accident was a navigational problem.

Brincker DE: If the pilot is looking at an explosion flash, will he be blinded?

Haidn GE: No. With the second or third generation goggles there is no bl;nding effect. We only have
blindinT effects whilst looking directly into a bright source. If you move your head so that this source
is out of the field of view there will not be any blinding effects.

Bohm GE: What was the field of view of the helmet mounted display which you used?

Santucci FR: 40 degrees horizontal and 40 degrees vertical, a square.

jBohm GE: Did you find this view good for flight trials.

Santucci FR- Yes, oddly speiking and it came as a surprise to us, obviously the workload was much
increased but flight was feasible in the experimental flights. We have conducted a trial with a similar
kind of device under the same operational flight conditions, flight was also feasible but of course there
was a change in the visual techniques for retrieving information. It was necessary to consult the
instrument panel many more times in order to extrdct information on speed and altitude. The second part
of the study has confirmed what I have presented in my talk, that the development of the experiment is
justified.

Brennan UK: With your low light television and FLIR did you present the image to one eye, to both eyes,
and if you only presented it to one eye did you occlude the other? Did you have any problems in other
words with retinal rivalry or with the competing imagery degrading that of the FLIR?

Bohm GE., in answer to the first question, yes it was a monocular display of 30 x 40 degrees with a good
image. It was a prototype of a Ferranti display, but at that time it did not have a beam splitter like
She Honeywell helmet mounted sight. We did not fild rivalry with the other eye at night. The left eye
"cannot see because it is dark: in twilight, rivalry can exist, but we have not encountered it. If theI. alignment of the nelmet sensors to the line of sight of the pilot and to the platform senior is not correct
then you may also have rivalry, but we have not found this.

Brennan UK: Of course you were working in very dark luminances so you would not, but under twilight
conditions did you get conditions whereby peoples' attention was shifting from one eye to another? When
they were able to appreciate the imagery was the image degraded by looking at tne twilight scene with the
other eye?

Bohm GE:. We only made 3 to 5 flight trials at twilight, especially in the morrning and at night. During
daytime the cockpit was completely dark for the co-pilot, but the pilot had a view of the outside world.

To your comment, I did not think that 90 degrees was good for a helmet mounted display as the eye can
appreciate colour over 90 degrees, which I have ientioned in my paper. I think 30 x 40 degrees is a
restricted field of view as normally you see 180 degrees with both eyes, but at the edge you only see
movement. If you have obstacles in the scene then you can get prob'-'ns, if you see them only at the edge
of the picture. I think Capt Haidn can add something to this.

Haidn GE: Yes, if I may I will add something. I do not agree with what you said Dr Borm because if the
disIplaygives an image of 40 degrees the human eye is not able to detect this 40 degrees all the time. Ii



think that there will be only a small part sharply visible, about 10 degrees. We have to move our eyes on
the HMU to get the whole information from the d~splay and that creates a problem with the synmbology. If
the symbology is at the corner you have to move the eye far to the right or left side, so we have to think
very carefully about the symbology on such displays.

Bohm GE: I have something to add. I think you can see sharply in a limited field of only about 1 to 2
Týe -s7 hut the eye is scanning the information. If the electro optical sensor is static and not moving
with the platform you can only see the whole field of 40 degrees and I think that it is not enough. I
think it is better to have 60 degrees. If you have an obstacle at the edge of this image you can see it
much more quickly, especially if yoti are flying NAP of the earth, but if you move your head very often then
of coirse it is not necessary.

Haidn GE: May I state a second time that I think we have to consider the role in which this device is
usTed_.Tf we are forced to go into a terrain with obstacles, we have to have a wide field of view if there
is no sensor movement.I personally believe we cannot fly this mission without a swivel mount on the sensor,
because in the vicinity of obstacles you have to move the picture to clear the obstacles whilst flying, so
I think it is useless to discuss fixed sensors in conjunction with low level flight.

Santucci FR: I want to make a comment regarding the field of view. It was 40 degrees, we would have
liked 60 degrees because the helicopter pilot with peripheral vision would pick up a lot more information.
We made an experiment and some men were consulting other panel instruments to get more information which
they were lacking, particularly information regarding speed and altitude. So they require more
information. Obviously you must expiore the whole outside world over 180 degrees, therefore the sensor
should be a nobile and swivelling one. It would be quite wrong to set the display on the instrument panel
because whenever you looked to the right side the camera would look to the right whereas the whole
proprioceptive system is telling you that the image is in front, there is mis-matchiig and therefore you
would have sensory illusions.

Verona US: From the technical side we must remember that as we increase our field of view with the same
sensor and the same display we decrease our resolution, so it was one of the trade-offs we originally had
with the NVGs where the display had originally a 60 degrees field of view. However the users demanded
better resolution, more detail, so we had to shrink the field of view to 40 degrees, this was the trade-off
that they accepted. We had the same problem with our FLIR, we can give you a 60 degree field of view but
we have the same number of resolution elements in 60 degrees as we had over 40 degrees, the pilots require
more resolution.

Bohm GE: Why does the LH6 programme have a requirement of 60 x 110 degrees? If you are right about the
tecFnical and physical limits the resolution of the sphere will reduce if you use a bigger field of view,
or if you go to a smaller detector which is also possible.

Verona US: What you want and-what you get may not be the same. What you want and what you can afford
may not be the same.

Bull UK: I have a question for Dr Santucci concerning your experiment with depth perception and you,-
thriene -rs. Can you tell me at what distance was the target and did you take steps to avoid any
perception of depth by other means, for instance, the length of the centre bar appearing to change as it
moved forwards and backwards.

Santucci FR: The perception distance was about lOm. Obviously with this Howard Dolman type device we
see to it that the height and the size of the bar should not be perceived by the operator, only the
relative position. We were very careful with the lighting of the bar so that it should be perceived on a
uniform basis whatever the position of the bar. We have been using sich a method contrary to the
stereoscopic visual acuity method which wuld have been completely wrong in such a case. We employed such
a method because we thought It was more rapresent atlve of the integration of a number of factors which come
into the actual perception of depth. I would like to make an additional comment concerning the definition
of the images. I would like to draw your attention to the fact that our subjects were operating with a
visual acuity of 2/10th, so the famous one minute angle considered necessary for the accurate
interpretation of displays was not achieved. Of course they were not informcd of their results. They
actually had excellent vision, which was highly degraded and I believe that the image should be steadied
and improved. It seems to me that more objective experiments should be undertaken to clarify this
problem. Interviewing pilots alone would not be sufficient. We should do more experiments In order to
check, to verify In an objective way, what they are telling us in their reports.

Haidn GE: I have a question for Major Verona. What Is the transmittance of the filter integrated in the
ANVIS optic?

Verona US: The cut off filter Is currently set for 600nm. There is a curve, It is a cut-off curve so It
f-i-n-•"-t-and then 100%. It transmits from about 590nm to 610nm and you achieve about 95% transmission
beyond 610nm and less than 1% below that.
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VISUAL AND SPECTRORADIOMETRIC PERFORMANCE
CRITERIA FOR NIGHT VISION GOGGLES (NVG) COMPATIBLE

AIRCRAFT INTERIOR LIGHTING

by
William A. greitmaier and Ferdinani Reetz III

Naval Air Development Center
Warminster, Pennsylvania 18974

SUMMARY

The U.S. NavaL Air Development Center has developed a draft military specification
for NVG-compatible aircraft interior lighting under U.S. tri-service sponsorship. The
specification is based on the utilization of a specific type of NVG, namely the AN/AVS-6
Aviator's Night Vision imaging System (ANVIS). This paper describes the performance
requirements and testing methodology established in the specification and the rationale
for developing these requirements.

The peirormance requirements are affected by three factors: luminance, chromati-
city, and ANVIS compatibility. Luminance requirements do not c1 .nge drastically from
the requirements that presently exist for interior lighting. However, the chromaticity
requirements of green for primary and secondary lighting, and yellow for both master
caution and warning indicators are different from those that presently exist. The
reason for this change is that any lighting with a significant amount of red energy can-
not be used in a cockpit that is required to be ANVIS-compatible. The implications for
this new color design for cockpit lighting are discussed together with the rationale for
the chromaticity coordinates and limits chosen.

ANVIS comnatibilitv is defined in terms of the spectral sensitivity of the ANVIS
and the combination of spectral radiance of the 7ockpit lighting and outside world 1iailtL
radiance. Quantitative testing methodology for determining ANVIS compatibility of cock-
pit lighting is also discussed. A thorough description of all analytic and laboratory
3tudies performed in support of this spec4.fication development will be presented in this
paper.

PREFACE

The military establishment is constantly striving to improve the operational capa-
bility of its forces. The ultimate goal is to provide fighting forces with the capa-
bility to conduct operations around the clock and under adverse weather conditions. For
the last 12 years aircrews have been utilizing NVG as a piloting aid to allow them to
fly aircraft during clear nighttime conditions.

In 1973, the U.S. Army adopted the AN/PVS-5A NVG (see figure 1) as an interim
pilot's aid. Although these NVG provided the necessary imagery to allow the pilots to
fly low-level night flights, there were several inherent problems. The most critical of
these problems was the incompatibility of the cockpit lighting and the inability to look
outside (to view terrain) and inside the cockpit (to view the instrument panel) without
refocusing the NVG.

Realizing that the NVG significantly increased the capability of helicopter pilots
to perform their missions at night, the U.S. Azmy decided to develop a pair of NVG
specifically for helicopter pilots. These NVG are known as the AN/AVS-6 ANVIS (see
figure 2).

The ANVIS has alleviated many &ý the problems associated with the AN/PVS-5A, with
the exception of incompatibility wi-n present aircraft lighting. When utilizing the
ANVIS, the pilot looks through the image intensifier to view the terrain outside the
aircraft. To view the interior of the cockpit the pilot simply looks around or under
the image intensifier tubes with t.le unaided eye as shown in figure 3. Therefore, in
order to allow aircrews to utilize the ANVIS, the spectral radiance of the cockpit
lights must be such that the lights do not interfere with the image intensification
characteristics of the ANVIS, yet provide proper lighting to enable the pilot to ade-
quately acquire information witn the unaided eye when viewing the interior of the
cockpit.

BACKGROUND

' The ANVIS is a passive, helmet-mounted, binocular image intensification device that
utilizes third generation image intensification tubeE. The ANVIS is extremely sensitive! to ambient radiance in the 600 to 900 nanometer (nm) wavelength portion of the electro-
magnetic spectrum (orange to near infrared). The ANVIS has a 400 circular field-of-view
(FOV) with a nominal resolution of 36 line pairs per millimeter. Basically, the ANVIS
operates 1-y conve -. ng the photons of the outside night scene into electrons with a S-20
photocathode, amplifying the electrons with a microchannel plate, and converting the
electrons back into visible light with a P-20 phosphor screen. A diagram of this pro-
cess is shown in figure 4. Because the ANVIS intensifies light sources up to 30,00047 times, bright lights can produce a severe veiling glare that will obscure the image [1].
In order to pre:'ent this, and to protect the image intensifier tubes, the ANVIS is pro-
vided with an automatic gain control (AGC). The AGC decreases the sensitivity of the
image tubes when they are exposcd to bright lights that emit energy in the
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ANVIS-sensitive portion of the electromagnet!c spectrum. Therefore, whenever the ANVIS
is exposed to cockpit lighting that is too intense between 600 and 900 nanometers in
wavelength, the AGC is activaced, the ANVIS becomes legs sensitive to the radiance of
the outside scene, and the pilot is no longer able to see outside the cockpit. In order
to achieve compatibility of the cockpit lightinG with the ANVIS, the cockpit lighting
should have a spectral radiance with little or no overlap into the spectral response of
the ANVIS image intensifier tubes. However, in order to aJlow the cockpit to be viewed
with the unaided eye, the light should be optimal for the luminous efficiency of the
photopic eye. Figure 5 graphically presents these considerations.

Because of the spectral response characteristics of the ANVIS, red, orange and
white cockpit lighting is highly amplified. The brightness and spectral characteristics
of existing aircraft lighting causes the AGC of the ANVIS to activate, thu3 ANVIS cannot
be used with cockpit lighting as it is presently configured. In order to alleviate this
problem and provide compatibility with the method of ANVIS operation, the cockpit
lighting has to be modified or redesigned to reduce cockpit lighting spectral output in
the ANVIS-sensitive portion of the electromagnetic spectrum.

Many different methods have been attempted to achieve ANVIS-compatible aircraft
lighting. For instrument lighting, the successful methods include floodlighting and
bezel lighting using filtered incandescent lights and electroluminescent (EL) panels,
For edge-lit panels, filtered incandescent lighting, EL lighting and light emitting
diodes (LEDS) have been successfully used. Some manufacturers have even developed
daylight readable/ANVIS-compatible displays and indicators. ANVIS-compatible lighting
components are available from many different manufacturers and these devices have been
successfully used to fly with ANVIS in a variety of different types of aircraft,
including helicopters and fixed-wing aircraft (2,3]. However, as of this date there is
no agreed-upon lighting standard to which aircraft manufacturers or purchasers can refer
to define ANVIS-compatible aircraft lighting. Many procurement documents simply tell
the manufacturer to make the aircraft lighting "NVG-compatible." The manufacturer is
left to his own devices to determine first, what *NVG-compatible" means, and second, how
tc design this t-pe• f lighting. This has lad t a vari of diffcfenL Lypu uf
methods that have been used to manufacture and verify ANVIS-compatible lighting com-
ponents, some of which are better than others.4 Because a standard method of defining and measuring ANVIS compatibility was needed,
funding was provided in April 1983 to begin work on a lighting standard. This work has
led to the development of a draft tri-service U.S. military lighting specification (4]
that defines performance requirements for compatibility in terms of the spectral sen-
sitivity of the ANVIS and the spectral radiance of the cockpit lighting. The specifica-
tion define- .antitative testing methodology for determining ANVIS compatibility.

DISCUSSION

When defining ANVIS-compatible aircraft interior lighting there are a number of
interactions that must be considered. When a pilot utilizes the ANVIS in an aircraft,
energy from both the outside world and the cockpit lighting enters the ANVIS. In addi-
tion to viewing this image, the eyes also receive energy from t!, cockpit lighting. The
development of an ANVIS-compatible cockpit lighti.ag system requi-e- careful balancing of
the energy the eye receives from the ANVIS and the aircraft lighting. The draft
lighting specification addresses these issues by specifying the avount of spectral
radiance that the lighting system is permitted to emit in the ANVlS-sensitive portion of
the electromagnetic spectrum, and for unaided eye viewing, the color (chromaticity) and
luminance of the lighting system.

Spectral Radiance Limitations

For the purposes of defining spectral radiance limitations, the specification defi-
nes a new quantity: ANVIS radiance, defined in units of AR. ANVIS radiance represents
the amount of energy emitt.ed by a light source that is visible through the ANVIS. It is
defined as the integral of the curve generated by multiplying the spectral radiance of a
light source by the relative spectral response of the ANVIS:

930
ANVIS radiance =J'GrNdA (AR) (1)

"450
. - where:

Gr = relative ANVIS spectral response
N = spectral radiance of light source (W/cm2 .sr-nm)

dX = wavelength increment (nm)

To calculate the ANVIS radiance, the relative spectral response of the ANVIS must
be defined. The spectral response of the ANVIS is governed by two factors: the
spectral response of the image intensifier tubes, and the spectral transmissior of the

_ objective lens. The spectral response of the image tubes was determined by using data
provided by the U.S. Army Night Vision and Electro-Optics Laboratory. An average
response curve for each of the two tube manufacturers, plus the response curve for an
extremely sensitive ("hot") image tube were provided. These three curves were nor-
malized and plotted on the same graph. At each 5-nm increment, the largest value of the
three curves was determined. These values were used to generate a composite, normalized
image tube response curve. Production image intensifier tubes can be expected to have a
normalized spectral sensitivity somewhat lower than this curve.

I4.... ,-T --- n
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During the manufacturing process, a "minus-blue" filter (i.e., a filter that blocki'
blue-green light and transmits red light) is built into the ANVIS objective lens.

This filter has been designed and incorporated into the production ANVIS to reduce
the amount of blue-green cockpit light that enters the ANVIS. The transmission of this
filter is defined in the ANVIS procurement specification. The filter transmission curve
representing the maximum amount of transmission allowed by the specification was
multiplied by the image tube sensitivity curve to yield a total ANVIS sensitivity curve,
shown in figure 6. These data are used in equation (1) for calculating ANVIS radiance.

The specification defines compatibility in term3 of ANVIS radiance. As a baseline,
it was decided that compatibility could be achieved if the image of the cockpit
lighting, when viewed through the ANVIS, were no brighter than the outside scene.
Therefore, the ANVIS radiance produced when viewing an outside scene had to be defined.
Operational experience has shown that, because of its low reflectivity, a defoliated
tree is the terrain feature that is the most difficult to see ac night. The ANVIS
radiance of a starlit defoliated tree was calculated by multiplying the spectral
radiance of starlight [5] by the reflectivity of tree bark [6] and inserting this value
for N in formula (1). The calculation yields an ANVIS radiance of 1.7 x 10-10 AR.
Therefore, if it is desired that the cockpit lights should be no brighter than the out-
side scene when viewed through the ANVIS, the ANVIS radiance of the cockpit lights
should not exceed 1.7 x 10-1 AR when illuminated to produce an acceptable level of
luminance for unaided eye viewing. U.S. Air Force tests have shown that the level of
luminance required for cockpit lighting systems, when pilots are using ANVIS, is less
than 0.1 foot lambert (fL) (0.34 candela per square meter (cd/m 2 )). Therefore, the spe-
cification requires compatibility when devices are luminated to produce 0.1 fL (0.34
cd/m2 ).

In special cases, cockpit lighting components are required to be visible when
viewed through the ANVIS. Components in this category include warning lights, master
caution lights and head-up display (HUD) systems. Visibility of warning and master
caution lihtq in reiqu!red to be e tha thc pilot does not oveiLouk the onset of a
warning or caution event. The HUD is required to be visible through the ANVIS so that
the pilot can see information on the HUD when looking ou'side the cockpit, The ANVIS
radiance requirement for these lighting components was determined based on laboratory
experimentation and currently available components. Table 1 is a summary of the ANVIS
radiance requirements for various lighting components.

The measurement technique used to check for ANVIS compatibility involves the use of
a highly sensitive spectroradiometer. The requirements for the spectroradiometer [4]
include traceability to the National Bureau of 9tandards (NBS). This requirement
assures that measurements will be repeatable from manufacturer to manufacturer. In
general terms, the test procedures require that the lighting component be energized to
produce a given luminance, and the spectral radiance is measured using the spectrora-
diometer. The ANVIS radiance is calculated using formula (1), and if the value falls
within the requirements shown in Table 1, the device is compatible with the ANVIS.4 The specification also outlines procedures to be used during the cockpit lighting
mockup evaluation as a final check for ANVIS compatibility. During t lighting mockup,
a procedure is used to verify that the cockpit lighting does not d- - 'e the resolution

P characteristics of the ANVIS.

Table 1 - ANVIS Radiance Requirements for Aircraft Lighting Systems

Lighting Luminance Level ANVIS
System for Compatibility (fL) Radiance (AR)

Primary and Secondary Instrument 0.1 less than
and Console Lighting; Compartment 1.7 x 10-10
Lighting; Controls; Indicators;
Caution and Advisory Signals; i-,
Utility Lighting; and Panel Mounted
Displays (PMDs) that display flight
information only

PMDs that display video imagery 0.5 less than
1.7 x 10-10

HUD 5.0 between
1.7 x 10-9 and
5.1 x 0-9

Warning and Master Caution 15.0 between
Indicators 1.5 x 10-8 and

4.5 x 10-8



-J 5-4

CHROMATICITY REQUIREMENTS

Chromaticity is a psychophysical term describing the qualities of color associated
with hue and saturation. The chromaticity is specified by using the CIE (Commission
Internationale de l'Eclairage) diagram which describes a color by the proportions of red
(x), green (y), and blue (z) light that are present in the cclor. Since x + y + z = 1,
the values of x and y alone ca;. define the location of a color on the CIE diagram [7].
Because the ANVIS is highly sensitive to colors with radiance at wavelcngths longer than
600 nm, any color that excludes radiance with wavelengths longer than 600 nm could be
used for compatible lighting. These colors include the blues, greens, and yellows and
exclude the reds, non-spectral purples, and white.

However, one goal for specifying the chromaticity of general crewstaj.oon lighting
should be to produce as uniform an appearance as possible among all cockpit light
sources. The primary reason for this is to avoid any unintentional distractions owing
to differences in chromaticity. Therefore, ojie relatively homogeneous section of the
CIE diagram should be selected to produce this desired uniformity in chromaticity. As
demonstrated by the size of the MacAdam ellipses [8] in this area. the greens appear
more uniform than the other colors.

Most studies indicate that luminance is a more important factor than chromaticity
in its effect on visual acuity [91. however, the human eye has been found to be maxi-
mally sensitive to light with a dominant wavelength in the middle of the visual spectrum
(around 555 nm or yellowish-green for photopic vision). Therefoze, to maximize luminous
efficiency, consideration should be given to this dominant wavelength over other hues.
Another consideration is to endeavor to match the chzomaticitv of the cockpit lighting
with that of the ANVIS viewing screen phosphor (P20), for which x = 0.426 and y - 0.546.
An attempt should also be made to closely match the chromaticity of the P43 phosphor
(x = 0.336 and y = 0.554), a common phosphor used in monochromatic cathode ray tuoe
(CRT) displays. Again, the reason for these matches is to prevent unintentional
distractions. These considerations would place the optimum dominant wpvelength for
general crewstation lighting in the yellowish-green or yellow-green areas of the CIE
diagram as mapped out on the Kelly Chaxi of Color Designations for Lights [10]. See
figure 7.

Another consideration is to try to produce lighting that is as unsaturated as
poseible (chromaticity coordinates away from the spectrum locus and zloser to the equal
energy point). Some stadies have suggested that reading with highly saturated lighting
for long periods of time is irritating and causes eye fatigue [11]. However, to
increase contrast for daylight visibility, the use of highly saturated colors for cer-
tain cockpit switches and indicators may be necessary.

Another area of the CIE chromaticity diagram needs to be defined for uie as master
caution and warning signals. These signals mast have sufficient radiance to be seen
chrough, as %ell as around, the ANVIS FOV. Also, it is necessary to prov'de these
signals with a contrast in hue and saturation to the other cockpit light sources. Since
the red area would provide too much radiance, it would appear tha. a highly saturated
yellow would be appropriate for tnis purpose.

After the above factors were considered, the following approximate hue objectives
were selected for ANVIS-compatible aircraft lighting:

1. General Interior Lighting
ANVIS GREEN A - dominant wavelength around 525 nm.

2. Monochromatic Lighting tor sunlight readability and emvphasis)
ANVIS GREEN B - dominant wavelength around 552 nr.

3. Warning and Master Caution Signals
ANVIS YELLOW - dominant wavelength around 579 nm.

In addition to specifying the hues, it is also necessaty to des ribe the allowable
variations in both hue and saturation. Several different options has- been proposed.
These options range from a small square box to the whole green sectiun of the CIE
diagram. If the area is too small, it would be unnecessarily restrictive ard would
arbitrarily exclude many currently available ANVIS-cc-Ppatible l;ghting component3. On
the other hand, if it is too large, the goal of producing uniform lighting chrometicity
would not be achieved. Since it is not possible to meet both of these requirements
simultaneously, a reasonable compromise is needed. Accordingly, limits are bein%
described with MacAdam ellipses, since these ellipses approximately represent the
ability to visually discriminate color differences. 7-1 important factor in determining
the size of these ellipses is to consider the chromaticity coordinates of the currently
available aircraft ligbhtng devices which are ANVIS-compatible. A compilation of tLese
state-of-the-art components indicates that devices with chromatlcity coordinates within
the recommended ellipses (including filtered incandescent, elec'roluminescent, and
light-emitting diodes) are achievable. The three Lighting chromaticity areas are shown
on figure 8. Of course any lighting devices that meet these chrom'aticity criteria must
also meet the spectral radiance limits defined previously, ýince che chrcomaticity does
not indicate the non-visible spectral composition of the lighting. Table 2 presents a
listing of components and the results of laboratory measurements cn these components.

kl

II
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TABLE 2 - RESULTS OF LABORATORY MEASUREMENTS OF
SAMPLE LIGHTING COMPONENTS

SAMPLE ANVIS CHROMATICITY
NUMBER COMPONENT DESCRIPTION RADIANCE (x10- 1 0 ) COORDINATES

x

1 Advisory Switch (1) .652 (P) .2352 .6571 (P)
2 Advisory Switch (2) 1.038 (P) .2079 .6548 (P)
3 Caution Switch (1) - top 1.231 (P) .2790 .6435 (P)
4 Caution Switch (1) - bottom 1.696 (P) .2921 .6440 (P)
5 Caution Switch (2) - top 72.480 (F) .3121 .5504 (F)
6 Caution Switch (2) - bottom 3.(62 (F) .3039 .6361 (P)
7 Master Caution Switch - bottom 2765.000 (F) .4942 .5039 (P)
8 Advisory Switch 1.240 (P) .2994 .6486 (P)
9 4-94 Filter 48.810 (F) .3968 .5078 (F)

10 4-96 Filter 1.503 (P) .2696 .5241 (P)
11 BG-7B Filter 4.387 (F) .2154 .4618 (P)
12 NV-2 Filtpr .560 (P) .1316 .4491 (F)
13 NV-2A Filter 1.986 (F) .2351 .5403 (P)
14 NV-2B Filter 1.482 (P) .1854 .5114 (P)
15 Aviation red lamp, 57049.000 (F) .5581 .3741 (F)

4-94 filter at 15.0 Fl.
16 EL Strip 13.160 (F) .2030 .5092 (P)
17 EL Strip w/filter .415 (P) .1357 .6284 (F)
il EL Strip 16.050 (F) .2114 .5266 (P)
19 EL Panel .787 (P) .2357 .6913 (P)
20 EL Ring Light 10,850 (F) .2123 .4894 (P)
21 P43 (CRT Phosphor) unfiltered 31.851 (F) .3355 .5538 (F)22 Filtered incandescent 1.248 (P) .2655 .5939 (P)

P = passed criterion
v = failed criterion

COLORS DISPLAYS

As stated previously, in order to be ANVIS-compatible, light sources within the
cockpit must have no significant amount of radiance between 600 and 900 nm. A multi-
color CRT requires the use of three different phosrho.rs - blue, green, and red. Figure
9 shows the spectral radiance curve of the three phosphors combined and a separate curve
of the red phosphor. The red phosphor has a range of energy emission from about 580 to
715 nm and a peak at 630 nm. Since this energy would not pass the spectral radiance

criterion, a number of possible solutions need to be investigated including: the use of4 filters, location of the color CRT out of the ANVIS FOV, and switching the red off
during periods when the ANVIS is being used, and coding the display information with
shapes or shading,

LUMINANCE REQUIREMENTS

The luminance requirements will not change from present standards and specifica-
tions except that the caution and advisory signal panels will dim with the instrument
lights. The requirements for daylight readability will also not change.

CONCLUSION

In January 1985, the third draft of the military specification [6] was submitted
for the formal ratification and approval process of the U.S. Department of Defense.
All comments from the U.S. Army, Navy, and Air Force are being reviewad and resolved by
the Joint Logistics Commanders' (JLC) ad hoc Group for Aviation Lighting. Industry com-
ments are being collected and coordinated by the Society of At.tomotive Engineers,

S Committee A-20A NVG subaommittee, prior to resolution by the JLC Many of these com-r
ments have already been addressed by updating and correcting previous drafts of the spe-cification. Printing and distribution of the final specification should begin beforethe end of this calendar yea-, with utilization expected to start in mid 1986. ["
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NIGHT VISION SUPPORT DEVICES
HUMAN ENGINEERING INTEGRATION

Louis V. Genco, LtCol JSAF
Air Force Aerospace Medical Researcýn Laboracory

Wright Patterson AFB, OH 45133-6573

SUMMARY

Although Night "ision Goggles (NVGs) exzend the luminance range over which we can use
out viaion, current AN/PVS systems require special cockpit lighting to be fully
eftective, reduce visu3l depth of field and diminish the field of view. All three of
thevse factors are extremely important to pilots performing night operations. This paper
describes the results of several ope'ationally oriented efforts conducted by the United
States Air Force Aerospace Medical Research Laboratory's Human Engineering Division to
improve visual performance, cockpit lighting, and flight information transfer in
conjunction with the use of night vision goggles. The efforts include an operational
definition of NVG compatible lighting, a recommended approach to improving depth of
focus, an attempt to expand field of view, and a description of a NVG HUD using
optically injected flight data. All efforts center around using or modifying current
AN/PVS NVGs used by US forces.

VISUAL PERFORMANCE THROUGH NVGS

Night vision enhancement devices appear to be gaining wide acceptance among both civil
and military organizations as means to improve visual perception under conditions of low
luxinance. The new devices are not merely light amplifiers (light being defined as that
portion of the electromagnetic spectrum to which our eyes are sensitive), but extend our
capability to see into the near infrared. Because of this differential sensitivity of
our eyes and night vision devices, both lighting engineers and night vision device users
must be aware of the possible degradations in performance in either the u.iaided or
enhanced visual systems caused by inappropriate lighting schemes. In many cases,
inappropriate lighting may cause visual performance through night vision devices to be
less than that experienced without the devices in place.

Although the human eye is sensitive to electromagnetic radiation from about 380 nm to
about 700 nm, it is not equally sensitive to all wavelengths of light. During daylight
or photopic vision, our retinas are maximally sensitive to light whose wavelength isSabout 555 nm (a yellow-green). During night, or scotopic vision, our retinas are
maximally sensitive to light whose wavelength approaches 505 nm (a blue-green). Figure 1
shows the relative spectral and energy sensitivities of the photopic and scotopic visual
systems.
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The dynamic range of the photopic visual system is about 10 8 
- 10 ML, and the dynamic

range of the scotopic system is about 1- 10- ML. Although our eyes are very sensitive
to light when fully dark adapted (under ideal conditions we can see a candle at a
distance of about one mile), their resolution acuity is very low. At best, the scotopic
visual system's resolution is about 20/200, and exhibits a central scotoma or blind
5pot. In other words, small objects will disappear when looked at directly.

First generation devices were photomultipliers that were sensitive co a spectral
distribution similar to our eyes. They would amplify what visible light was available,
and present the information on a monochromatic display. Since the display luminance was
high enough to activate the photopic visual system, the limiting factor in resolution
was th.-, optoelectronics in the device rather than the eye.

The visual environment at night is relatively poor in visible wavelength energy, but
remains relatively rich in longer wavelength (infrared) energy. Passive devices which
vsed these infrared wavelengths could then rely on a statistically larger number of
photons to activate the systems and improve resolution. The US Army's AN/PVS 5A second
generation night vision goggles (GEN II NVGs) maintained sensitivity to the visible
wavelengths, and extended their sensitivicy to the near infrared wavelengths. This
meant that the second generation devices could not only "see" light whose amplitude was
normally too low for our unaided eyes to perceive, but they could also "see" wavelengths
to which our retinas were insensitive, and improve resolution above that given by first
generation systems. Figure 2 shows relative spectral sensitivities of the human eye and
GEN II NVGs. It also shuws the relative amounts of radiant energy available at night.
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rather ~ ~ L tha the eye Typca vua acite of iniiuasw arnopatnluis
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FIGURE 2

RELATIVE SPECTRAL SENSITIVITIES
OF EYE TO GEN II NVG

I ~Scenes viewed through GEN II NVGs are perceived as shades of green because of the
phosphor characteristics of the system. The output luminance of the NVGs is sufficient

S~to activate the photopic visual system, but resolution is still limited by the NVGs
irather than the eye. Typical visual acuities of individuals wearing operational units

under typical night conditions range from 20/80 to 20/50. The unaided daytime visual
acuities of these people are 20/20 or better. In addition, the instantaneous binocular"field of view (BFOV) is limited to 400 rather than the 1800 "unrestricted" field of
view. Because of optical inconsistencies in the goggles, stereopsis (one component of

". i depth perception) is poorer than expected for photopic vision, but equal to or better
than that experienced with scotopic vision. Table 1 is a summary of various visual
thresholds of the unaided eye and the visual system including NVGs.
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Table 1

Comparison of Photopic, Scotopic, and ':VG-Aided Vision

Photopic System Scotoulc System Eye + NVGs

Dynamic Range 108 - 10 ML i- 10- 6 ML 10+8 - 10- 8 ML

Receptor (Eye) Cones Rods Pods & Cones

System

Resolution Better than 1 arc-min 10 arc-min 2-3 arc-min(NVG)

Spectral AN/PVS-5: ****

Sensitivity 350 - 700 NM 350 - 700 NM AN/PVS-6: *

Max Spectral AN/PVS-5: ***

-Sensitivity 555 NM 505 NM AN/PVS-6: *

Perceived Spectral

Output Colors Greys Greens

Field of View 1800 - 1800 400

Max RetinalI Sensitivity 00 + 2.50 (disc) 200 (annulus) 2.50 (disc)

Dark Adaptation

Time (full) 10 minutes 30 minutes Seconds

Dark Adaptation

Time (flash) Seconds Seconds Seconds

Dark Adaptation

Time (failure) - Max 2 Minutes
AN/PVS 6 third-generation night vision goggles (GEN III NVGs) have reduced sensitivity
to visible wavelengths, and greater sensitivity to longer wavelengths. The GEN III NVG
output is also "brigater" than that of the GEN II, insuring the retina is adapted to a
photopic level while viewing most scenes through the NVGs. Improvements in the optical
system have also contributed to improvements in visual resolution while wearing the
goggles, but considering wide variations in both the test method and the goggles
themselves, best acuities appear to be in the range of 20/50 to 20/40. The field of
view is still limited to 4 00, and stereoacuity remains moderately good.
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As we gained experience with NVGs in operational environments, several critical human
engineering factors became apparent: cockpit (instrument-, switch and display) lighting
must be compatible with both the NVGs and the unaided eye if both are to be used to
their ful)est capability; the NVGs could be modified to improvv field of view and
display characteristics; refocussing from outside the cockpit to see instruments was a
problem; new helmet mountings needed to be designed to better distribute the weigjht; and
future NVG design must consider safety and ejection factors.

NVG COMPATIBLE LIGHTING

In order for NVGs to be most effective, the cockpit lighting must be optimized for the
NVG's spectral sensitivity. Even low amounts of red and IR waelengrbs generated within
the cockpit can significantly reduce the goggles' sensitivity to the outsidp scene.
Several vendors are now producing "NVC compatible" lights, even though there is no
generally accepted measure of compatibility. The most promising products appear to be
those that drastically reduce or eliminate emissions correspoind 4 ng to visible red and
longer wavelengths, however the absence of red warning lamps may be of some concern to
traditional cockpit lighting engineers.

Our definintion of "NVG compatibility" contains two general criteria: 1) the lights
will not degrade vision through t'e NVGs for specified lighting positions or
configurations, and 2) the lights will allow good vision of instruments or other objects
for the unaided eye. We include nut only instrument and panel lights in this
definition, but CRT and other displays.

Many users found that normal incandescent sources which were used to provide in-cockpit
illumination for the unaided eye would emit too much infrared energy, and ccuse the NVG
to lose sensitivity to out-of-cockpit scenes (because of activation of the automatic
gain control). Many filtering systems, electroluminescent lighting schemes, and light
emitting diode schemes were investigated; all of which were intended to reduce the
emitted IR energy, and maintain sensitivity of the goggles.

We have found it helpful to describe at least three categories of cockpit lighting
configurations, and have begun to establish compatibility ratios for most "NVG
compatible sources" for each condition. Category 1 includes lights in the direct field
of view of the goggles, category 2 includes light reflected from the windscreen or other
object into the goggles, and category 3 includes "light pollution" from other sources.
When viewing outside scenes, lights which are almost always in the direct field of view
of the NVGs should not be considered to have the same effect as light sources normally
well out of the NVG field of view.

We have developed a preliminary Compatibility Ratio (CR) that takes into consideration
properties of both the unaided eye and the NVGs. This Compatibility Ratio may be used
for any lighting configuration, type or placement, and will predi~t the relative effects
of various vendors' products on visual And NVG pVrformance. Essentially, CR is the
ratio of the photopic eye response for a particular wavelength to the ANVIS sensitivity
to the same wavelength.

Compatibility Ratio may be expressed mathematically as follows:

700f V X N d)ý
400

CR -----------------------
1000
_/ GR N d\
400

Where:

V,\ = Relative photopic eye response for CIE
1931 standard observerF N = Relative spectral radianc for a

"particular light source (Watts/cml Sr nm)

GR = Relative ANVIS spectral response as
measured or specified by manufacturer
or JLC Ad Hoc Committee

Appropriate Compatibility Ratio limits are now being found by empirical determination

for a subset of typical cockpit illuminators and categories. Spectroradiometric
measurements of other illuminants will then allow ranking or compatibility comparisons
of many cockpit lighting types and sources without the necessity of complex simulator
devices. The CR will also provide suitable wavelength mixture information to lamp
designers.

'Zi
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We are also in the process of defining spectral loci for acceptable NVG compatible
cockpit lighting. Assuming the pilot will be able to see various instrument and cockpit
indicator lights both with and without the NVGs, the problems of appropriote color
coding, equality of hue and ecuality of luminance for either unaided or aided vision are
added to the list of concerns for the illumination engineer. Care must be taken that
warning and caution lights are suffi.:iently different from "normal" illuminants to avoid
confusion. Historically, this has been accomplished via color coding the former lights
red or yellow, but since these longei wavelengths are not compatible with NVG usage, the
choice of spectral components is severely restricted.

NVGS AND VIDEO DISPLAYS

Initial tests indicate color video 2isplays will have to be modified to reduce long
wavelength emissions. Essentially, this moans eliminating or significantly reducing the
output of the red gun, with resultant digzadation in visible color separation for the
display graphics or symbology. In add.tion, displays using P-43 or similar phosphors
will have to be filtered co reduce the normally tiny long wavelength "bump" on the
emission curve. If this is not done, the display will cause the NVGs to lose
sensitivity at brightness levels just barely sufficient for comfortable unaided vision.

One possible use of passive NVGs is in conjunction with active FLIR or other systems
whose information is presented on a Heads Up Display (HUD). Since the HUD imagery is at
optical infinity, refocussing the NVGs is eliminatud. However, holographic or
diffractive HUD combining glasses are tuned to rfleCt only the narrow green band of the
P-43 phesphor. The imagery generated by these HU~s appears dimmer with AN/PVS 6 goggles
than without! The reason for this apparent anonmaly is the presence of a minus-blue
objective lens coating, which prevents much of the grcen band from entering the NVGs.

DEPTH OF FOCUS PROBLEMS AND SOLUTIONS

The normal eye can accommodate or focus on objects at Eifferent optical distances. When
we fixate on distant oojects, near objects are blarred. When we change focus to the
near object, tie distant target is blurred. The range of distances over which we can
see clearly without refocussing is called the "depth of focus" or "depth of field".
Refocussing is accomplished by the action of the ciliary muscles in each of our eyes,
changing the shape of the crystalline leas.

When properly adjusted, the ocular lensez of the night vision goggles pldce the image of
the scene near optical infinity for the wearer's eyes. Tfve NVC's objective lenses are
then adjusted to focus on the object of regard. Because of their small f-number, there
is very littie depth of focus for NVGs. If a pilot had his system focussed for out-of-
cockpit viewing, he would be unable to clearly see legends or instruments within the
cockpit without manually refocussing each tube. After rE ng his instruments, he must
thin refocus for clear distance viewing.

"he AN/PVS 6 goggles were provided with an Aviator's Night Vision System (ANVIS) mount,
4hich allowed the pilot to look under the tubes to see his instruments. This feature
attempted to eliminate the refocussing problem encountered with the AN/PVS 5 mounts,
which were designed for ground use. Unfortunately, the ANVIS mount moied the center of
gravity of the goggles farther from the head, and emphasized the problem of maintaining
lighting co.ipatibility for both the goggles and the unaided eyes it .. ,e same time. In
addition, when the pilot wanted to see instruments near the top of .'ic -. are shield, the
pilot needed to move his head in an uncomfortable manner to move the gogcLe tubes out of
his field of view. Several other NVG manufacturers produced different cy-tems to reduce
the near vision problem, such as the Marconi Cats Eye, and the FvW ,industries See-
Through Night Vision Goggle (SNVS).

Another answer to the refocusing problem is addressed by shared-aperture optics. The
concept of shared-aperture optics is similar to that of pinhole optics. ip whirh light
is imaged on a surface without the use of lenses. The shared-aperturt concept is i
similar in that the objective lenses of the NVGs are coated with a mincs-olue filter,
effectively blocking short visible wavelengths of light. If cockpit lifhts are filtered
or otherwise caused to emit only short wavelengths, these lights will not be seen when
looking through the goggles. Now envision a small aperture, similar to 1hat in a
pinhole camera, in the minus blue coating. The relatively high energy, short-
wavelength instrument light can pass through this aperture, and form a clear image in
the NVGs. The large area around the aperture acts as a relatively low f-numbel optical
system to the outside scene, which is rich in long wavelengths. With appropriate shared
apertures, and with the system focussed for infinity, the pilot can see both the outside
world and his instruments with relatively normal head and eye motions. Figure 4
diagrams the optical concept of shared apertures, which can be incorporatec. into present
AN/PVS systems.

S. . . .. . . . . . ... .. .. .. -- : :=4 ':
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FIGURE 4
OPTICAL CONCEPTS OF SHARED APERTURES

One disadvantage of shared aperture optics is the critical selection of wavelengths
suitable for in-cockpit illumination. These wavelengths must be almost totally blocked
by the filter coatirg on the objective lens, thus significantly reducing the number of
available illuminant choices.

FIXATION POINT PROBLEMS AND SOLUTION

Unfortunately, with any of the above methods of allowing vision of both the exterior
scene and cockpit instrumentation, the pilot is still required to change his visual
point of reg-ird from outside to inside views; requiring changes in accommodation (foL
conventional aperture systems), light adaptation, and fixation posture. While his
visual system is busy with one scene, important changes could be taking place in the
other. Since NVGs are typically used at very low altitudes, normal aircraft velocities
cause high rates of approach, -nd c.ncurrent rapid changes in visual scene, which may
degrade safety.

Scientists at AFAMRL approached the problem of se-ing both the outside scene and
instrument display by electronically and optically injecting critical flight instrument
readings into the optical path of tne NVGs. Now, the pilot need adjust his NVG's focus
only once -- for distant viewing, and the flight data would also be seen near optical
infinity, in the same field of regard as the outside scene. In effect, we created a
fleads Up Display (HUD) for the NVGb, so we named it the AFAMRL NVG HUD.

Before ,sing the NVG HUD, the visual duties of crew members of night flying aircraft
were eaztitioned -- some tasked to look outside and others tasked to look only at
instruments of various types. The pilot was to look outside the cockpit, while the co-
pilot was co look at the c~itical instruments. Both the radar operator and copilot
reported to the pilot verbally over the intercom. All crew members who were to look
outside the cockpit wore night \ision goggles, and the cockpit lighting was suitably
modified to luast interfere with the NVGs.

Since •ne development of the AFAMRL NVG HUD, the visual tasks of the crew can be
partitioned in a more normal (i.e. moie similar to daylight flying) fashion. The
pilot's visual abilities are actually enhanced in that he can now see both the outside
scene and flight data at the same time, without refocusing either his eyes or the NVGs.
In fact, he need not change his visual regard from any exterior scene of interest; his
flight data are projected to appear near the point at which he is looking.

The aircraft for which the NVG HUD was originally designed were not equipped with
conventional HUDs, but displayed information on both video displays and round-dial
instruments located on a conventional instrument panel. AFAMRL engineers were able to
sample data on the computer bus serving the instruments, and use these data to generate
a display on a small CRT. Several interactive studies were performed by AFAMRL and MAC
to determine the optimum display format and symbology to effectively portray data
values.

The CRT display was then coupled to a coherent fiber optics bundle, which was passed to
the pilot's helmet. The output of the bundle was collimated and reflected from a
beamsplitter or combining glass mounted on the NVG barrel, into the optical path of the

4
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NVGs. In this fashion, the wearer of the NVGs could see the outside scene with botn
eyes, and the flight data image with one eye.

The brightness of the displayed data can be dimmed by the pilot, so he can "look
through" the graphics at the outside scene, using binocular vision. As the need for
critical flight data increases, he can increase the relative brightness of the graphics,
so he can easily perceive the data with one eye. Siice the other eye continually
maintains a view of the out-of-cockpit scene, the visual system superimposes the imagery
created on the face of the CnT over the outside scene. Since there is a great
difference in appearance of the images, there is no retinal rivalry effect, and both the
outside scene and the flight data are seen constantly. There have been no report- of
the Pulfrich phenomenon while using the system, and no unusual ligiting compatibility
criteria need be addressed.

FIELD OF VIEW IMPROVEMENTS

Both the AN/PVS 5 and AN/PVS 6 NVGs restrict the wearer's instantaneous binocular field
of view to a 400 circle. In order to carry on any visual search pattern, NVG wearers
must increase the amount of head and neck motion to cover tte same ere6 previously
covered by relatively simple eye movements alone. This increased head movement,
combined with the weight distribution of the NVGs contributes greatly to neck muscle
fatigue. Optically increasing the field of view of the NVCs results in a reduction of
resolution. The pilot might see more in his instantaneous field of view, but what he
does see will be less distinct.

One possible method of improving the horizontal field of view is "toeing-in" the NVG
tubes. Since the NVGs have a magnification factor of 1, moving the tubes from their
parallel position will have no effect on the positions of the eyes' lines of sight.
Some time ago, AFAMRL produced a prototype NVG arrangement with the tubes "toed-in" 100
each. The result was an instantaneous field of view of 600, consisting of a binocular
overlapping field of view of 200, and two monocular fields of vicw, each of 200 (See
figure 5). All images in the instantaneous field of view maintain their correct
relationships to all other images, and many pilots who tried the goggles were unaware of
the presence of two monocular fields until told to alternate closing their eyes. The
toe-in concept is not a new one ... it was patented in the US several years ago and is
also demonstrated with Marconi's Cats Eye NVGs.

AI
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FIGURE 5A
CURRENT 400 FOV
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FIGURE 5B
AMRL MODIFIED FOV J3

FUTURE CONCEPTS

As display technology improves, and computer enhanced imagery matures, it is possible
that the pilot of the future need not depend soley on his unaided vision while flying at
night or under conditions of poor visibility. We see the early stages of new visual
applications in the acceptance of NVGs, 11005 and FLIRs. The concept of providing
enhanced imagery to the pilot is not new, but the methods to do this are rapidly
evolving. AFAMRL is at the forefront of this technology with its state of the art
visually Coupled Airbourne Systems Simulator (VCASS), which allows the pilot to take
advantage of new sensor technology by displaying various imagery on his helmet visor.
Systems control, sensor pointing and device switching are performed with normal head and
eye movements, providing a wide binocular field of view, with computer enhanced imagery,
color and symbology. Artificially induced stereo cues add a :,ew dimension to spatial
se je.

The use of night vision enhancement devices appears to be growing in acceptance.
Performance with these devices will be further aided by assuring appropriate human
engineering factors are considered both in their design and application. It is not
necessary to wait for next-generation improvements to become available in order to have
an effective night vision system useable by aircraft pilots. NVG modifications arnd
ancillary devices made and plarned by AFAMRL and other organizations can be applied to
today's second and third generation products.

A
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MICRO-HEADS-UP DISPLAY FOR ENHANCEMENT
OF NIGHT VISION GOGGLE OPERATIONS

R. Simmons, K. Kimball, and B. Hamilton
United States Army Aeromedical Research Laboratory

Fort Rucker, Alabama 36362-5000, USA

SUMMARY

A series of investigations which were initiated in 1976 and completed in March 1984
by the US Army Aeromedical Research Laboratory (USAARL) addressed the utility of
pro%*'ding a subminiature-heads-up flight instrument display for the NVG system. The
r-search first attempted to identify critical flight information that should be provided
to supplement the degraded environmental cues during NVG operations. Subsequent research
explored methods of presentation (digital vs dynamic information), in-line mounting of
the display to NVG, and in-flight human factor considerations of the total system. Since
technology is rapidly changing this report does not reflect advances beyond these
prototypes.

INTRODUCTION

Recent advances in the sophistication and flexibility of antiaircraft weapons force
pilots to use terrain for cover and concealment, just as the foot soldier traditionally
has. This neccesitates flight profiles which are dangerously close to the ground and
trees. These flight profiles also are at slow speeds and the stability of the aircraft
is reduced accordingly due to lack of wind streaming past the fuselage. The net effect
is to increase pilot workload and reduce the amount of free time available to read
instruments. Pilots flying nap-of-earth (NOE) in helicopters spend most of their time
looking outside the aircraft in order to avoid obstacles, and relatively little time
looking at instruments. When pilots use night vision goggles (NVGs) as aids to
maintaining visual meteorological conditions (VMC) at night, the problem of instrument
utilization becomes even worse due to degraded visual acuity and distance focusing
problems. In addition, a helicopter pilot flying NOE while wearing NVGs may have goggle
failure or enter ground fog (instrument meteorological conditions or IMC) and
unexpectedly be required to change from VMC to IMC. This requires pilots to refocus
their vision and attention into the aircraft and onto their instruments, a task
complicated by the NVGs.

A heads-up display (HUD) is a device used to provide vehicle status information to
operators while their gaze is fixed outside the vehicle (Walchi, 1967). HUDs have been
used primarily in fixed wing aircraft and originally were used as gunsights. Generally,
information (either symbolic or numerical) is presented to the operator (pilot) by means
of a collimator and combiner lens in order that the information appears focused at
infinity outside the aircraft.

HUDs have been tested in helicopter operations but have not until recently been well
received (Astronautics Corporation of America, 1974; Ketchel and Jenney, 1968; Poston and
DeBellis, 1975). In the fixed wing aircraft, most attention is directed along the line
of flight; while in a helicopter, attention can be focused in virtually any direction.
Helicopter pilots must redirect their attention from the object(s) being observed into
the HUD. Apparently, once the decision is made to reorient the head and gaze, the
locatimn of the new focus point does not matter. As a result, HUDs have been developed
for helicopters which provide collimating optics and symbol generators mounted directly
on the pilot's helmet. As the pilot turns his head, the HUD moves with him. This
technology is currently in use in the AAH-64A "Apache" attack helicopter. While
helmet-mounted HUDs show promise for some NVG applications, at the time of this work
there were none compatible with NVGs. For instance, night viewing in the AAH-64A is
accomplished by an infrared imaging system slaved to the pilo.t's head movements and
displayed via the HUD.

Bell Helicopter-Textron, Inc., under contract with the US Army, experimented with
high-risk, high-payoff HUD technology to be used in conjunction with NVGs. The
"feasibility of displaying three-digit, seven-segment numbers to pilots wearing NVGs has
been demonstrated. This technology used miniature (approximately 1.5 mm) mirrors mounted
on a clear glass lens to reflect the image of segmental light-emitting diodes (LEDs)
directly through the pupil to the retina of the pilot's eye. This phase of the concept
development utilize' the LED digital displays to provide helicopter airspeed, altitude,
and heading information. Previous research (Simmons, 1978) demonstrated that the
assessment of visual workload of helicopter pilots would predict that airspeed

4 information comprised only 14% of pilot's total visual requirement. Altitude information
comprised 12% and heading 20%. However, pitch and roll information from the aircraft's
attitude indicator during normal instrument flight was required 35% of the total visual
workload time. This demand for attitude information increased with less stable maneuvers
(instrument takeoff and slow flight) to as high as 45%. Based on this information, it
was ascertained that the need for attitude information was twice as important as other
visual information available to the pilot.
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Personal inquiy at the US Army Safety Center and conversation with their
investigative personnel identified inadvertent IFR, spatial disorientation, and even
battery failure as possible contributing factors to accidents during night vision goggles
operation. Combined with the results from the research data that attitude information
has high visual priority and with the added capability of providing dynamic displays
during NVG operations, additional research to determine the effectiveness of adding
attitude information to the goggles became essential.

Thus, the last phase of the heads-up display concept was originated to provide not
only airspeed, altitude, and heading information but also dynamic pitch, roll, and trim
information. This complete heads-up presentation conceptually provided the pilot about
90% of all visual information required to fly. Since this flight information was deemed
critical to efficient helicopter flight and the concept of enhanced flight capability had
been demonstrated by the utilization of miniature heads-up displays, the development of a
display encompassing the feature of the prototype (i.e., lightweight, pilot Acceptable,
etc) would further enhance pilot capability during NVG flight operations. A display such
as this would provide supplementary information to those cues externally seen but often
degraded through the goggles as well as provide an emergency heads-up instrument display
capable of independently fulfilling the pilot's visual needs for safe flight. Bell
Helicopter-Textron, Inc.. under contract with Naval Air Systems Command (NAVAIRSYSCOM)
prototyped such a dynamic display system based on the concept of a spectacle mounted
micro-HUD which would be compatible with the AN/AVS-6 (ANVIS) NVG. The US Army
Aeromedical Research Laboratory (USAARL) and the Directorate of Combat Development.;
(DCD), US Army Aviation Center agreed to evaluate the feasibility of the micro-HUD and
determine in-flight utility.

METHOD

Subjects

Twenty subject pilots wore the micco-HUD during simulated IFR flighti. Ten subject
pilots wore the micro-HUD during NVG VFR flights in USAARL's JUH-lH helicopter.

Apparatus

The Bell Helicopter-Textron micro-HUD consists of a pair of adjustable spectacles,
numeric symbol generator, dynamic attitude generator and a custom microcomputer flight
box (Figure 1). The microcomputer flight box is an electronics module which utilizes an
8085 microprocessor CPU and ROM/RAM memory. The unit measures 25 cm X 20 cm X 15 cm and
weighs approximately 4.5 kg. The unit uses as input electrical signals which are taken
from either aircraft instruments or redundant instruments mounted in the aircraft
especially for that purpose. A more indepth description of the electronic specifications
and system operator can be found in USAARL Letter Report 184-5-3-4.

Spectacles

The symbol generators and optical system are mounted on a modified pair of safety
glasses. The frames are modified such that interpupillary distance is adjustable from
the midline for each eye. That is, both the left and right lens move to insure that the
midline of the lens is located on the midline of its respective eye. The nosepiece of
the glasses is adjustable in the vertical plane to allow the horizontal midline to be
adjusted to the height of the eye's pupil (or lens). As one eye usually is higher than
the other, the left eye system is fit utilizing these adjustment mechanisms. The right
eye pupil height is accommodated by utilization of a set of replacement lens for the
right eye of the spectacles. These lens have mirrors set at varied, predetermined
heights to offer a full range of right eye heights. The left lens has mounted on it four
aspheric mirrors at 6.25 mm from the center, one at each of the following positions: 12, j
3, 6 and 9 o'clock. The right lens has a single aspheric mirror mounted so as to project
directly into the center of the pilot's field of view. The spectacles are held firmly in
position by means of cable-type earpieces and an elastic/velcro headband.

Numeric symbol generator

The left eye system (Figure 2) presents only numeric information. This information
takes the form of four, three-digit numbers formed by seven-segment LEDs. The
information presented is heading at 12 o'clock, altitude at 3 o'clock, slip at 6 o'clock,
and airspeed at 9 o'clock. Each set of LEDs shines upon a prism in the genprator which
directs the image onto the proper aspheric mirror of the spectacle lens. The mirrors
then direct the image through the cornea and pupil and onto the retina of the eye.

4-, Dynamic attitude generator

The right eye system (Figure 3) uses a unique symbol generator system to allow a
dynamic pictorial representation of pitch and roll. This system projects an image which
subtends approximately 6 degrees of arc in the center of foveal vision. It is capable of
projecting 128 rcis and 128 columns of discrete points for a total of 16,384 programmable
points. These points are used to draw symbols and text in the same fashion that some
football scoreboards draw pictures.

The dynamic attitude generator presents austere pitch and roll information
(Figure 4) to the pilot. The term austere is used to denote that the normal amount of
information associated with pitch and roll is not presented. Roll information consists
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of a straight line used to represent either the attitude of the blades or the attitude of
the horizon depending upon initial setup. While zero roll marks are provided, pilots are
required to estimate the degree of roll by looking at a line which moves in a one-to-one
correspondence with the real world. The pitch information is provided by means of a
fixed, minimal pitch la4.der which provides 5 and 10 degree pitch up and down marks. The
roll reference line a]ways cuts the pitch ladder pre~isely in the middle and pitch is
read at this point. The symbology utilized is graphically presented (including left eye
system) in Figure 4.

Switch selectable options

update rates (how often information changes on the display) are switch selectable.
The rates available are one, two, three, and four times a second. The left eye numeric
system can be disabled and the information then is presented at the edges of the dynamic
attitude display (right eye) utilizing dot matrix number formulation. The symbology of
the attitude indicetor can be changed to one incorporating a full pitch ladder. In this
format, the austere pitch ladder shown in Figure 4 expands to cover approximately half of
the possible display area. This pitch ladder is fixed and has a fixed aircraft symbol
drawn in the center. ':he pitch/roll line moves in this version precisely as it does in
the austere version.

The signal conditioning box developed by USAARL to provide the type of signal
required by the flight box also is capable of changing information or mode of operation
via switches. Altimeter and airspeed information is switch selectable between barometric
and radar operation.

PROCEDURE

Fitting

Due to the adjustable nature of the spectacles, custom fitting was required to
insure that all symbology was visible. Experienced personnel could complete a fitting in
15 minutes, although it occasionally took 45 minutes. A certain number of prospective
subjects could -,ot be fitted. This was estimated to be about one in 10 and appeared to
De due to an asymmetry of the ears, one ear being higher than the other. This would
cause a tilt in the lens which would throw one or more of the projected images outside of
the pupil. Even for those who could be fit properly, moving the facial muscles, as in
squinting, could cause the images to disappear. The symbol generators sometimes
conflicted with the SPH4 helmets, especially when a subject's head size was close to the
upper limit of the helmet size. In these cases, a modified helmet was issued and worn.

Simulated IFR Flight

USAARL's helicopter instrument procedures trainer was modified to provide
appropriate signals and was used to simulate 1-hour IFR flights. Seven of the subjects
also wore the ANVIS NVG while the three remaining sub3ects wore just the micro-HOD since
ANVIS was not available. The flight profile consisted of instrument takeoffs, turns,
descents, cruise flight, and instrument landing system (ILS) approaches. The cockpit was
illuminated with blue-green light for ANVIS compatibility. The last 10 minutes of the
flight were conducted with all instrument lights off so that all flight information came
via the micro-HOD.

ANVIS NVG Flights

Subjects were fitted with the micro-HOD at USAARL and then reported to Cairns Army
Airfield. After preflight preparations, the micro-HUD again was fitted to the subject
and the safety pilot flew to either USAARL's research stagefield, High Falls, or to Ech
stagefiele. The choice of stagefield was determined by the subject's qualifications,
availability of staoefield, and availability of and NVG IP. Due to the lack of emergency
crews, flights at High Falls consisted of traffic9 pattern work, cruise flight, and hover
work. Flights at Ech included all of the profiles flown at High Falls as well as running
landings, autorotations, slope landings, and NOE flWhts.

RESULT'

Compacibility with AN/AVS-6 (ANVIS) .4

The ANVIS is a tnird-generation light-amplifiction device which is helmet moun'ed.
When in use, it is positioned in front of the pilot's eyes. The micro-HUD was designed

to fit under the ANVIS and, in fact, is perfectly compatible with the ANVIS (Figure 5).

Comfort and Fit

Subjects generally were easy to fit with the micro-HOD as indicated above. 01.
occasion, the nosepiece vertical adjustment screw would extend to the point that the
helmet liner rested on it, transferring weight and vibration through the spectacles to
the nose. When this occurred, a slight readjustment to the helmet eliminated the
problem,,•

The fit of the inicro-HUD was sensitive to minor movement in that only .5 mm of
movement of a mirror was sufficient to make the image disappear. This required that the
micro-HOD be held firmly in position by velcro/elastic straps. As would be expected,
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this arrangement caused discomfort. As stated, occasional problems were found with the
micro-HUD contacting tho helmet, which was resolved by changing helmets.

visibilityý of Symbology

The viewing ends of the ANVIS tubes can be seen as miniature television screens and
emit light which forms the images. The micro-HUD must be viewed against this green
background and, therefore, must he of sufficient intensity to be seen against the ANVIS
background. All subjects reported that the micro-HUD was visible against the background
of the ANVIS tubes. However, even at the brightest intensity setting, miost subjects
desired greater contrast between the red numbers and dots of the micro-HUD and the green
ANVIS background. When worn without the ANVIS, the micro-HUD was seen easily against the
dark night sky. If the symbology happened to be positioned by head movement over the
instrument panel or a town, then the image was difficult to read. Some subjects
expressed concern that the images might cause dif-iculty when trying to locate a target
on the ground. They suggested that a cut-off switch be built in to allow easy
elimination of symbology when required.

The right eye dynamic symbology was easiest to fit and remained visible at all times
because it projected into the center of the field of view. Some subjects in flight had
occasional problems seeing the left eye display which was corrected by shifting the
classes on the face or, occasionally, by tightening a loose adjusting screw on the
Glasses.

Utility of Symbolog

The primary emphasis of this evaluation was the feasibility and utility of the
dynamic right eye attitude display. Subjects accepted it as an indicator of aircraft
attitude after about 1 hour of use. Most subjects complained about the lack of specific
degree of roll marks; however, they rapidly learned to do without them. The usual
procedure when subjects complained was to have the safety pilot call out degree of roll
until a standard rate turn had beeni established. This linked the aircraft feel and the
knowledge of what constituted a standard rate indication with recollections of how the
horizon line in the standard instrument display looked. Pitch indication was readily
accepted despite the display not translating axis as a normal indicator does. In fact,
no one seemad to notice or perhaps consider worth mentioning this aspect. There was some
consternation in regard to the direction in which pitch was indicated. Most pilots
preferred the pitch indication follow that of the standard pitch display. While
reversing the direction was a trivial change, pitch indication was left as initially set
Su Throughout the study.

The micro-HUE, when used in the simulator, displayed roll in the traditional
"inside-out" format. That is, the roll line moved in a one-to-one fashion with the
horizon line in the attitude indicator. When used in the aircraft, the display used the"%utside-in" format, or reflected the attitude of the aircraft as would he seen by an
outside observer. The subjects who wore the micro-HUD in both situations noticed the
difference and were able to adapt to the change although they preferred that the display
move in unison with the aircraft roll display. It should be rioted that while pilots
liked the alternate full pitch ladder format, they felt that it was too cluttered and
caused difficulty when focusing on specific objects.

The left eye digital displays required some training to use but were easy to use
after about an hour. The optics of that system were designed so rotations of the eye
were required to focus attention on specific information. This served two purposes.
First, information was outside of the instantaneous field of view. This left a
relatively uncluttered view when looking straight ahead although the presence oZ the
information was noticed through peripheral vision. Second, as the eye rotated toward any
one piece of information, other undesired information disappeared because the pupil of
the eye was out of position for the other mirrors to focus on the retina. Most of the
training time was required to train the eye where to go for the information so that it
could be acquired at a glance instead of after searching the scene for its location.I The most desired informi.tion was heading. Subjects reported that it was useful when
hovering, in unfamiliar traffic patterns, and during NOE flight. The least desired
information was yaw. It was felt that a display indicating only one ball out of trim or
in trim was too insensitive. For test purposes, the indic had informatied to w
indicatr out of trim at the half-ball positton. Airspeed and heading information were
accepted without comment, with the exception that altitudes in excess of 1,000 feet
(either barometric or radar) caused a flashing 999 to appear and subjects expressed
preference for a fourth digit.

DISCUSSION

The original AN/PVS-5 NVGs totally enclosed the face, and viewing of any aircraft
instrumentation or outside scene was through the tubes only. Under these conditions, IMC
or tube failure was likely tu be catastrophic as recovery procedures could not be
initiated until the RVGs had been removed. This was the original impetus for development
uo the NVG HUD. This problem has been eliminated largely by the recent modifications to
the AN/PVS-5s (McLean, 1982) and I- introduction of the AN/AVS-6 (ANVIS) which allows
under and around viewing of the in trument panel. As indicated above, in some situations
the micro-HUD was considered to be very useful. These instances were always situations
"where flight instrumentation was required, such as hovering, during NOE and in the

a
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traffic pattern. The testing done for this report may not have placed the micro-HUD in
situations in which its utility during high information demand situations could be
assessed.

NegatLve ects of the HUD

The most noticeable problem in the dynamic attitude display is "jitter." Jitter is
generally considered to be small vibration in a display's image which causes blurring or
illegibility. Helicopters vibrate. At some times the vibration is minimal; at other
times it is quite severe. The micro-HUD dynamic display is based upon a short piece of
fiber optic material which is caused to oscillate in the vertical plane at its natural
resonant frequency. In the micro-HUD tested, this oscillation was under minimal control
and the speed of travel and distance traveled could vary from moment to moment. This
oscillaticn was often out of synchrony with the aircraft and the pilot's eye oscillation.
The result was that if both aircraft and eye were traveling in the same direction,
perceived vertical movement was minimized. If the two were traveling in different
directions, perceived vertical movement was maximized. This phenomenon was apparent
especially at the bottom of the display. This was because the decision, as to when the
moving fiber optic had reached its proper vertical position for a particular row, was
based solely upon elapsed time since tripping an optical sensor. The assumption that
time is in one-to-one correspondence with vertical displacement is true only in a
situation without vibration. The result was that the numerics, when switch selected to
be displayed on the dynamic attitude indicator, could only be clearly read in the 12
o'clock position. Those in the 3 and 9 o'clock positions could be read sometimes,
depending upon aircraft vibration; and the one in the 6 o'clock position was illegible.
The left eye pro3ection system did not have a jitter problem. Another problem with the
dynamic attitude indicator was that it occupied a small area of view (6 degrees of arc
subtended). The 16,000 points available provided resolution beyond that which could be
discerned in flight. In fact, tPsting was delayed while the display was reprogrammed to
maximally utilize all available space. (Pitch markings produced in the original layout
were found to he too small to be perceived under condition of jitter., Any textual
material used in the dynamic attitude indicator would have to be displayed with oversized
letters and rapidly would use up available space as well as cluttering the instantaneous
field of view.

A third problem noted that minor movement in the spectacles caused the left Pye
system (digital information) to lose some numbers. Squinting or other facial movementq
sometimes were sufficient to cause loss of image. This could be overcome by moving tle
images closer to the instantaneous field of view, but only at the cost of cluttering the
display. Also, the .nicro-HUD spectacles had to be kept stationary on the head. A
velcro/elastic band similar to a sports retainer for glasses was used to stabilizc tl-e
display. Often this was uncomfortable as the helmet headland had a tendency to pull the
,trap down and tighten as the helmet was put on. The dirscomfort aspect probably
out eighed the stability aspect after an hour or so.

A fourth problem encountered was that the information displayed on the micru-HUD was

instantaneous and was not "dampened" at all. Most displays in aircraft do not h;ve the
capability of following rapid aircraft changes. They have lags in the responsiveness
which tend to eliminate large, fast changes and preserit smoothed trends. The micro-HUD
would sample the aircraft status a., present instantaneous information. This c.:ansfe-red
the work of trend estimation to th. pilot and often left the pilot trying tc integraterapidly changing numbers into a coherent picture of what the aircraft was going to do. A
better situation would be one in which the display moved smoothly, without sudden jumps,
and indicated current "average" status. Along these lines, subjects uniformly selectedthe slowest update rate available lonce per second) to minimize the rapid changes being

seen.

Positive Aspects of the Micro-HUD

While there are undeniable technical problems with the micro-HUD and certain
symbology features which could be improved, it must be recognized thit, for the most
part, the micro-HUD worked successfully. It might not be as comfoltabi€, siable or
bright as desired but it was able to present the instrumentation za pl2nned end was used
successfully to fly a ground controlled approach with NVG off. It also functioned as
desired during the one NVG failure experienced in flight. Most of thie problems
identified are amenable to solutioi. in a next generation effort. The micro-tZo appears
to reduce workload during instrument-dependent maneuvers and was generally regarded by
subjects as labor saving at those specific times.

Proposed Improvements to Micro-HUD

The micro-HUD, as configured currently, is not bright enough tn be used durinn
daylight hours and is only marginally bright enough at night. This situation might be
improved by changing the basic timing circuitry so that instead of writing iaformatizni
(turning LEDs on) only on the downswing of the fiber optic oscillation cycle, informatioc.
is written on the upswing as well. This would immediately double the intensity withoit
changing the LEDS or optics system.

The spectacle mount system could be dropped in favor of system clipped directly to
the ANVIS tube. This would eliminate most fitting problems, discomfort, and interac'-los
with facial musculature. Only an ounce or so would be added to the ANVIS ane problichk1
would not be noticed. It also would eliminate the need for personalized mocnting 328i-s -
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and maintenance problems due to hardware interchanges. However, this would eliminate the

stand-alone capability of the HUD which may prove to be desirable if intensity problems

are overcome.

The dynamic display needs to be stabilized against jitter by addition if position
feedback and an improved cycle control system. As configured, the fiber optic bundle

oscillates with only minimal control. Technology exists which should be able to

compensate for vibration induced changes.

The size of the image should be expanded. This probably is a function of the mirror
reflection system and not the display itself. Experimentation with different shapes and
sizes of mirrors should be done in a systematic fashion. An optical physicist might be
able to design an appropriate system to accomplish this work.

Uses for the Micro-HUD

As mentioned above, the mi~ro-HUD is a device used to provide aircraft
instrumentation when using the ANVIS. The aircraft used for testing (JUH-lH) and the
profiles flown have a low demand for aircraft status. Within the context of this
scenario, the m:cro-HUD proved to have marginal utility. Other aircraft and cther
scendrios do ha%:e explicit needs for infoimation while looking outside the ail.craft. For
instance, picking up a sling load while wearing NVGs requires the pilot to hover (a
head-up maneuver) while attempting to maneuver over and down onto a ground load. Without
external lights for the ground crews, their ability to feed back information to the pilot
is severely 1lmited. Addition of sensing devices to present on the micro-HUD the
relative locations of the aircraft hook and ground load may simplify and make safer a
tricky and frequent operation. Fixed wing aircraft landing with NVGs and no lights could
benefit by tho addition of a micro-HUD providing airspeed, attitude, angle of descent,
etc. This hiiformation is especially critical in landing on snort, urimproved fields
which often have obstacles in the immediate area.

A highly probable use for the micro-HUD is in the area of weapon systems. One
possible scenario is that of an AH-IS Cobra TOW attack helicopter atterpting a pop-up and
tire sequsnce at an aimored target. '-he pilot could benefit by using the micro-HUD to
Lrov-d. aircraft attitude, ha~di.ig arid power settings &-- he comer into and holds firing
posi.Aion. The copilot could benefit by uuing this system in conjunction with the
telescopic sight system (TSU) to provide weapon system status and other required
informitton without visLally coming out of the TSU,

CONCLUSIONS

Thu limited utility in the VFR flight profiles tested should not be construed as a
failure of the micro-4UD, As long as aircraft status informatc:i is required. the
micro-HUD will be useiul. In instanccs where information vas specifically required
(e.g., lieadirg while NG2 Dr attitude during a vertical helicopter instrument recovery
procedu:e), ý.ne HUD wis used and ,ppreciated. '3 always, careful consideratior. of the
ilight profil-i and the predominance of required information must be considered when
determining the utility of any HUD.

The laboratozy and inflight eveluations of the micro-HUD described here demonstrated
both rhe feasibility and utility of such a device for sa]ected mission scenarios.
Although m&n-interface pronlems were dispovered using the prototype, the3e difficulties
can be overcnmn vith futuce angineering development. These efforts are continuing as a
result of irterest within the a-iation inuuctrial com~nunity.
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Figure 1. Bell Helicopter-Textron Might vision Goggle
Micro-Heads-Up Display. From left to right: Spere lens/mirrors,
spectacles with symbology projectors, nosepieces, microcomputer
flight box, tools.

Figure 2. Left ey'e numeric generato.r. on the left, bow mounted

projector. Nntice the fo' r aspheri-, mirrors mounted on lens.

Wti
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1I

Figure 3. Right eye dynamic attitude generator. Vertical
adjustment and focus is accomplished by means of adjusting screws
at lower left. The image is available at an opening at the right
of the projector (next to lens).

. i

Figure 4. Artist's concept of austere micro-HUD symbology.
Heading is at 12 o'clock, airspeed at 9 o'clock, altitude at 3
o'clock, and slip at 6 o'clock. The zero in the slip indication
rep:.sents the position of the slip ball.

WV _
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I

Figure 5. Micro-HUD worn under the AN/AVS-6 ANVIS NVG
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AEROMEDICAL LESSONS LEARNED WITH NIGHT VISION DEVICES
by

Dudley R. Price, COL, MC, and William E. McLean, O.D.
U. S. Army Aeromedical Research Laboratory

P. 0. Box 577
Fort Rucker, Alabama 36362-5000

SUMMARY

This paper preseits a review of night vision devices used in the military heli-
copter flight environment, and aeromedical lessons learned. Discussion revolves
around experience with three U.S. Army aviation systems: the currently used second-
generation night vision goggle (NVG), or AN/PVS-5; the soon-to-be-fielded AN/AVS-6
third-generation NVG; and the AH-64 Apache thermal sensor and imaging system. Perfor-
mance characteristics are presented, and primary emphasis is on aeromedical research
related to pilot interface with the systems to include visual acuity, contrast sensi-
tivity, depth discrimination, dark adaptation, crew fatigue, and adaptational problems.

BACKGROUND

Night vision goggle technology began in World War II with infrared (IR) sniper
scopes. These systems required an IR searchlight to provide sufficient energy to
produce a usable picture. At the end of the war, a fighter aircraft was landed
at night on an aircraft carrier using a prototype binocular IR goggle with low-level
IR deck lights. In Vietnam, the first generation of Starlight scopes was used effec-
tively. This technology, unlike its predecessors, provided amplification of radiant
energy reflected from objects by the moon and stars.

The second-generation NVGs were made smaller and lighter mainly by using the
microchannel plate described by Major Robert Verona in his paper titled "Image Intensi-
fiers: Past and Present." These also incorporated circuitry to limit the gain
when exposed to bright lights, without shutting the goggles down. The first U.S.
prototype binocular goggle version, the SU-50, was used in some rescue attempts
and special operations in Vietnam. The first U.S. production goggle, the AN/PVS-5,
was intended for ground use. Army aviation adopted this goggle in the mid-70s as
an interim measure until an aviator version of third-generation NVGs could be fielded.

Major improvements from second- to third-generation image intensifier tubes
include improved resolution, greater sensitivity in the near-infrared spectrum,
longer tube life, and less weight,

NIGHT VISION DEVICE PERFORMANCE CHARACTERISTICS

This discussion will focus upon the three fully developed U.S. night vision
systems: two image intensification systems (the second- and third-generation NVGs),
and the thermal sensing and imaging system developed for the AH-64 Apache helicopter.

The AN/PVS-5s use second-generation tubes. As discussed below, the faceplate
of the AN/PVS-5 was modified and approved for aviation use in 1982, providing unaided
look-under and look-to-the-side capability and compatibility with spectacles. Both
the AN/PVS-5 and the modified version are shown in Figure 1. The typical visual
characteristics of second-generation NVGs are maximum resolution equivalent to 20/50
visual acuity, 40-degree circular field-of-view, and monochromatic vision.

Figure 1. Photos of the AN/PVS NVG: at left unmodified and at right with modified
faceplate.
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Figure 2. Comparison of sensitivities between GEN II and GEN III photocathodes.

The photocathode of second-generation tubes is sensitive to electromagnetic energyj
from .400 to .900 microns (Figure 2). However, it should be noted that what is
presented to the eye is the image of the phosphor screen. In this case, the image
is a fairly narrow band of luminance in the yellow-green portion of the human visual
spectrum that peaks at about .560 microns. The intensity of this image (typically
ru. 2-3 footlamberts mean luminance) falls within the mesopic/low photopic range
where only the rods and more sensitive con.as are responding (See Table I).

TABLE I

SCALE OF LUMINANCE LEVELS FOR TYPICAL STIMULI
(millilamberts*)

1010

Sun's surface at moon 109 Damaging to retina

108
107

Tungsten filament 106

105

white paper in bright light 104
Th103 Photopic (colored vision)

Comfortable reading 102 ot

10'

100

White paper in moonlight 1w 2 mesopic
-----------------------------------------------------------------------------------------
*Cone threshold 10-3
white paper in starlight cone Scotopic (colorless vision)

Smillilai(bert m.929 footlambert

Tu(Adapted from Rubin, M. L., and walls, G. L., Fundamentals of
Visual Science, Springfield, IL: Charles C. Thomas, Publisher,
1972, p. 40.)

77-R
-11111111116
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The AN/AVS-6 is called the Aviator Night Vision Imaging System (ANVIS) and
uses third-generation tubes, a dual battery pack, and a 10 G binocular assembly
separation feature (Figure 3). The assembly is mounted to provide look-under capability
much the same as the modified AN/PVS-5. The field-of-view is the same as the second-
generation goggles. They are sensitive to spectral energy in the .550 to .950 micron
range; and, as noted in Figure 2, their sensitivity is greater, particularly in
the near-IR portion of the electromagnetic spectrum where night sky irradiance increases.
The phosphor image to the eye has a resolution equivalent to 20/40 visual acuity,
presented as a fairly narrow band peaking at .560 microns on the visual spectrum.
The intensity or brightness of the image is slightly higher than that of the AN/PVS-5,
but still within the mesopic/photopic range of the human eye.

Figure 3. AN/AVS-6, also knoan as the Aviator Night Vision Imaging System (ANVIS).

The AH-64 Apache system uses a thermal (far IR) radiation sensing component
on the nose of the aircraft known as the Pilot Night Vision System (PNVS); and an
integrated helmet and display sighting system (IHADSS) which presents the processed
image to the pilot and copilot (Rigure 4). More complex and expensive than image
intensification systems s,'ch as NVGs, this system "sees" in darkness and foul weather
by displaying a visual image of the very small temperature differences between a
target and its background. The PNVS-qenerated image is displayed on a one-inch
diameter cathode ray tube within the IHADSS, which then optically magnifies the
image and reflects it from a small beam splitter or combiner lens located before
the right eye.

The IR sensor, iocated on thp nose of the aircraft, is slaved to the pilot's
head motion and has a maximum slew rate of 120 degrees per second. The display
field-of-view is controlled by the pilot's line of sight and can be selected from
a field-of-regard of ±90 degrees azimuth and +40 to -70 degrees elevation. Spectral
sensitivity for the PNVS is in the .75 to 1.2 micron range.

j• IThe IHADSS image presented to the pilot has a resolution similar to that of
third-generation NVGs, equivalent to approximately 20/40 visual acuity (VA). The
display field-of-view is 40 degrees horizontally and 30 degrees vertically, providing
a one-to-one video image overlay of the real world. The image, from the cathode
ray tube phosphor screen, in this case is a very narrow band at .543 microns. The
intensity (or highlight luminance capability) of this image is 0.3 to 150 foot-
lamberts. The pilot can adjust the brightnesb or intensity.

The IHADSS also provides on-call flignt information symbology to the pilot,
including attitude, heading, altimeter (radar), airspeed, and engine torque. Often
this symbology is used without the PNVS imagery d,ring daylight flight, allowing
the pilot to look through the beam splitter with the right eye in visual meteorologic
conditions. The AH-64's Target Acquisition and Designation System (TADS), available
on call, uses the same sensor technology as the PNVS, This system normally is operated
by the copilot/gunner, independently of tCe PNVS.

Most of the performance characteristics of ýhe night vision devices just presented '

are summarized in Table II.

!A
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Figure 4. Photo and diagrammatic sketch of the Integrated Helmet and Display
Sighting System (IHADSS).

TABLE II
SUMMARY OF PERFORMANCE CHARACTERISTICS OF

THREE NIGHT VISION DEVICES (NVD)

NVG (2d Gen.) NVG (3d Gen.)
AN/PVS-5 AN-AVS-6 PNVS/IHADSS

Sensor: Spectral 0.4 - 0.9 0.55 - 0.95 0.75 - 1.2
sensitivity range microns microns microns

Mass NVD adds to 0.91 kg 0.75 kg (front) 0.55 kg
flight helmet 0.17 kg (rear)

Mass of helmet 2.3 kg 2.1 kg 1.86 kg
and NVD

Visual acuity to 2fl/50* 20/40 20/40
normal eye

Image field-of-view 400 x 400 400 x 400 400 horiz.
300 vert.

Range of focus 25 cm to 25 cm to N/A
"infinity infinity

Dioptric control -6.0 D to -6.0 D to -3.5 D to
+2.0 D +2.0 D +3.5 D

I Spectral character- 0.560 0.560 0.543
istics of phosphor microns microns microns
image

Intensity of • 2-3 fL __ 2-4 fL 0.3 to 1.50
phosphor image fL

* Sees at 50 feet (15 meters) what normal eye sees at 20 feet (6 meters).
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AEROMEDICAL RESEARCH WITH NIGHT VISION DEVICES

The U.S. Army Aeromedical Research Laboratory (USAARL) has been actively involved
in the development of these systems, including technical issues such as display
design specifications, phosphor research, and cockpit lighting compatibilities.
This research review focuses mainly upon aeromedical lessons learned relative to
aviator performance and adaptation with these systems.

Second-Generation NVG

Some of the areas of investigation witn AN/PVS-5 NVGs at USAARL and a brief
description of the results:

(a) One of the early tasks in dealing with NVGs was to determine if all
Army aviators would be able to use them. Visual acuity was measured through the
NVG, and astigmatism of 1.00 diopter (or more) was found to reduce VA from 20/50
to 20/60 or worse. This represented a problem, since approximately 4 percent of
the Army aviation population has 1.00 diopter or more of astiqmatism, Flight surgeons
in the field were advised to screen all aviators' medical records, update refractive
exams in marginal cases, and check their VA through the goggles. Those pilots achiev-
ing VA of less than 20/50 with the NVG were not allowed to fly NVG missions. Spherical
myopic and hyperopic corrections generally were not a problem, since the NVC could
be adjusted for -6 diopters to +2 diopters.

'b) Contrast sensitivity was measured in the laboratory with the NVG and
unaided eye at four average luminance levels using electronically generated spatial
gratings (Wiley, 1976a). The luminance levels used corresponded to those of grass
under a 5 percent, 25 percent, and full moon illuminance with no overcast and at
25 footlamberts for comparison purposes. At the equivalent of 100 percent moon
illumination, the unaided eye achieved better contrast sensitivity at high spatial
frequencies ( >8 cycles/degree); and with the NVG achieved better sensitivity in
the low and medium spatial frequencies, which frequently relates to seeing a tank,
wires, etc. (1-8 cycles/degree). At 5 and 25 percent moon illumination, performance
is better with the NVO than the unaided eye at all spatial frequencies (bar widths)
(Figure 5).

0 0

A . AVRG LACE12104.=

SSPATIAL FREQUENCY (CYCLESIDEGREE) SPATIAL FREQUENCY (CYCLESIDEGREE)

SA. AVERAGE LUMINANCE = 1.2x10-4 fL B. AVERAGE UMINANCE = 6x10-4 fL
(5 PERCENT MOON) (25 PERCENT MOON)

2 NVO , . . .. -," "• ,VO I
---.- UNAID|D 0-
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¶5SPATIAL FREQiUENCY (CYCLES/DEGREE) SPATIAL FREQUENCY (CYCLESIDEOREE)• ,i
C. AVERAGE LUMINANCE = 2.4x10-3 fL 0. AVERAGE LUMINANCE .= 25 IL •
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Figure 5. Comparison of NVG and unaided contrast sensitivity (modulation transfer
functions). •
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(c) Depth perception was measured with and without the NVG in the laboratory
at 20 feet and in the field from 200 to 2000 feet (Wiley, 1976b). A modified Howard-
Dolman apparatus was used in the lab, measuring primarily stereopsis. At 20 feet
the linear target separation threshold, expressed as standard deviation of linear
displacement scores, was increased approximately 3.5 times with NVGs under full
moon (.012 footlambert) illumination compared with unaided binocular vision under
photopic conditions. Binocular NVG performance was slightly better than monocular
photopic viewing (Figure 6).

The field study primarily examined moniocular cues since the distances used
were mostly beyond the range within which stereopsis is very effective. The subjects
sat inside the cockpit of a parked UH-lH aircraft and looked at targets placed in
pairs at various distances. Targets were moved in relationship one to the other
and the subject's task was to indicate when the two targets were at the same distance.
In general, the best performance was with monocular observation in the daytime followed
closely by that with binocular observation in daytime; and the poorest performance
was with unaided vision at night. The performance with the NVG was roughly midway
between unaided daytime performance and unaided nighttime performance (Figure 7).
The separation threshold was increased approximately 1.6 times with NVGs under full
moon illumination when compared to unaided day vision.

60 .

55 7
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! •• ,,,0 .......... UNAIDED (MONOCULAR) DAYTIME
Monocula/NVG Bmcular/N/ G Monocular Binocular 0 I M I
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Figure 6. Relative depth threshold with Figure 7. Linear thresholds for rela-
Howard-Dolman apparatus at 20 feet under tive distance discrimination under four
two viewing conditions (NVG at 0.12 foot- viewing conditions.
lamberts and unaided vision at 6.4 foot-j! lamberts).

(d) The reduction of dark adaptation with the use of NVGs was measured,
adterecovery time determined for readaptation, should the goggles be removed

during flight (Glick, 1975). Dark adaptation curves were developed on six male
subjects, who were initially preadapted at 662 footlamberts for 2 minutes. Dark
adaptation then was measured for 30 minutes, followed by wearing the NVG for 5 minutes
and measuring adaptation levels until the 30-minute level was regained. The average
loss of dark adaptation using the NVG was from the 30-minute sensitivity level to
the 10-minute level. The average time required for full recovery was 2 minutes"(range 1.5-3), half of that occurring within 30 seconds (Figure 8).
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DARK ADAPTATION NY RADPSNVG RE-ADAPT
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Figure 8. Typical curve showing dark adaptation, NVG wearing time, and dark adapta-
tion recovezy after goggles are removed.

(e) Day training filter concepts and specifications were developed and
evaluated at USAARL in response to safety and logistical requirements related to
initial NVG training for student pilots (Behar, 1977). The advantage for the instructor
pilot having full daylight vision while the student pilot is undergoing initial
familiarization with the NVG is quite apparent, as is the logistical advantage of
not having to depend so greatly on tne moon and the weather.

(f) After a midair collision in the traffic pattern with NVGs at Fort Rucker
in 1981, it was apparent that the limited field-of-view and blocking of peripheral
vision by the faceplate of the AN/PVS-5 was an unacceptable safety hazard in high
density flight areas. USAARL designed, developed, and evaluated a modified faceplate
for the NVG which now has been implemented by all three military services (McLean,
1982), This modification, shown in Figure 1, allows underneath unaided view of
the instrument panel, some lateral peripheral vision, and the wearing of spectacles.

(g) Now that corrective lenses can be worn with the modified AN/PVS-5 (and
ANVIS), there is concern about the relative safety of different spectacle lens materials.
Therefore, polycarbonate, plastic, and standard tempered glass lenses have been
evaluated for fracture resistance when impacted with the eyepieces of NVGs. A
head form drop device and simulated NVG were used in testing. Glass and plastic
CR39 lens pairs shattered at drop heights of 6 and 18 inches, respectively. No
failures of polycarbonate lenses were recorded with drops from up to 6 feet, During
the next 6 months, USAARL is sending polycarbonate spectacles to those Army aviators
who require spectacles with NVGs. In the process, data will be collected on durability
of the lenses in the field.

(h) As aviators became NVG qualified in larger numbers, there were increasing
complaints of neck fatigue in the posterior cervical muscles during NVG flight.
The fatigue resulted from the forward shift of the center of gravity of the flight
helmet with the goggles attached. This problem was aggravated further by the modifica-
tion of the faceplate, since the weight oZ the goggles no longer rested against
the face and the mounting point was moved forward to the anterior edge of the flight
helmet. The best quick-fix appeared to be the mounting of a counterbalancing weight
at the rear of the helmet. This was accomplished with a small canvas bag, attachable
with Velcro, in which each aviator could place the desired amount of lead weights.
Evaluation of this device revealed a fivefold reduction in helmet adjustments by
aviators during flight, reduced fatigue, and increased mission time.

(i) In an extended flight NVG workload study, 10 NVG instructor pilots
flew two 6-hour missions, one mission with the unmodified AN/PVS-5 using daylight
filters, and the other with unaided vision during daylight (Stone, 1984). A crossover
matrix was used, the mission days being separated by one day of res-' Two of the
pilots did not complete the NVG mission. One was witndrawn at 3.5 'ours with tremors
of the extremities, and the other withdrew at 5 hours from extreme discomfort.
Flight performance was not significantly altered during the extended NVG flight
for the remaining eight aviators. Postflight questionnaire responses revealed a
concern with lack of concentration and a decline of mental alertness with extended

I_
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wear of NVGs. These aviators recommended 4 hours/night maximum NVG time, 12 hours/72
hours, and 20 hours/week. Even though this group had low NVG flying time (mean
39 hours), similar subjective recommendations have shown up in other studies.

(j) Inspiratory minute volume (IMV) data was obtained from a series of
flights with subjects flying OH-58, UH-lH, and AH-lG helicopters (Pettyjohn, 1977).
IMV determinations were obtained by Mueller respirometers connected to the aircrew-
man's oxygen mask, Five phases of flight were evaluated--runup, take off, cruise,
threat, and final approach. The helicopter flight profile was evaluated under routine

¶ nap-of-the-earth (NOE), night nap-of-the-earth (NNOE), and night vision devices
(NVD). The minimum period for any IMV sample was 10 minutes. The most useful informa-
tion came from the UH-I data, which included IMVs from all four flight scenarios
(routine, NOE, NNOE, and NVD). The OH-58 was flown only undez the routine scenario
and the AH-i only under NOE conditions during daylight. During the threat phase
of NOE and NNOE flight in the UH-lH, IMV increased twofold; NVD flight was associated
with a threefold increase through most phases of the scenario (Figue 9). These
data must be interpreted cautiously for the following reasons: The work was done
when aviators had little training or experience with NVG flying; many myths were
associated with their use; and wearing both the unmodified AN/PVS-5 and an oxygen
maskx simultaneously must have been cumbersome, pLobably resulting in serious visual
problems. Nevertheless, this work gives some insight into combined crew stress/workload
with NVGs, It is reviewed here because it is provocative and bears repeating under
more controlled conditions, to include oxygen uptake studies as well as IMV,

x -NOE
z -UH-1H 0 -NIGHT NOE

S40- A -OH-58 * -NIGHT VISION DEVICE
o o -AH-1G * -ROUTINE FLIGHT

".. ---- DATA NOT OBTAINED

A--
Sl30

-J

0
>

~10___________-a---. ----------

04 ,
S0 RUN UP TAKE OFF CRUISE THREAT FINAL

APPROACH
U' PHASE OF FLIGHT

"Figure 9. Compariscn of mean inspiratory minute volume measurements for aviators
piloting UH-lH aircraft under 4 different scenarios (and AH-lG and OH-58 each
under one scenario).

t- Third-Generation NVG (ANVIS)

Aithough USAARL has not repeated the AN/PVS-5 research efforts with the third-
generation ANVIS, certain assumptions can be made and much of the work can be applied.
It is true that performance with these goggles will be improved significantly; the
big difference with the ANVIS is that they will allow flight operations at lowernight illumination levels.

Visual resolution of the resultant image will be improved slightly, with achievable

VA of 20/40 compared with 20/50. Because of the inherent design for aviation, correc-
tive lenses can be worn; and viewing of the instrument panel, map reading, and lateral
peripheral vision are improved.



Contrast sensitivity will Lt modified because of the marked improvement in
performance sensitivity of the ANlTS., The unuman response at "5 percent moon with
the AN/PVS-5 would now clc&e-y resemle the response under starlight with the ANVIS
(Figure 5). Pilot performance in hazard detection with the ANVIS is shown compaied
with AN/PVS-5 in Figure 10, which demorstrAtes findings during operational testing
by the A-'my Aviatton Test Board jNeal, 19-13).IIU

, ~Z'

C9

NIGHT ILLUMINANCE (FOOTCANDLES)
T ', - Tfh-Wf-A-'-- FULLMOON

Figure 10. Hazard detection ranges by pilots with AN/PVS-5 and ANVIS (target used
was a pole 15 centimeters in diameter and 3 meters high),

Depth discrimination limitations should be changed very little.

Recovery (,f dark adaptaticn will be virtually unchanged because the light inten-
sity of the phosphor image presented to the eyes will be in the same general range.

ANVIS retains the potential for daylight training with various filters to simulate
differing night light levels. Eye cups are required, and have been designed, to
a]low trainees to look under at instruments.

Neck fatigue will be reduced with the ANVIS because of its lighter weight and
because of the rear helmet mouihting of the dual battery hack. Little or no additional
counterweighting will be rsqjired.

Iworkload wii be reduced slightly with AVIS compared with operation with ANiPVS-5

under the same lighting conditions. However, aviators will simply fly more nights,
and mission capability will be extended; as a result, overall crew stress/workload
will be altered very little, as will crew rest guidelines.

AH-64 rNvZ and IEADSS

Aeromedical research with the monocular AH-64 night vision system is limited.
A relatively small number of instructor pilots have been trained to date.

2hose aviators with as much as 1.00 diopter of astigmatism generally do not
obtain adequate resolution with this system. Although the IHADSS allows for correction
of spherical myopic and hyperopic refractive error, correction usually is required
for both eyes; therefore, spectacles (or contact lenses) will be necessary. To
manage this problem, modified spectacles were dev'lopea so that the helmet display
unit would not be he~d out of position by the iniE ior-lateral portion of the right
lens. This has been accomplished by cutting away that portion of the lens and modify-
ing the spectacle frames. A deteraination then was made regarding adequacy of field-
of-view using this modification of the spectacles with the IhADSO. This was accomplished
using an IHADSS with a computer-generated display and testing a number of pilots
with and without spectacles. At present, constriction of f.eld-of-view appears
not to be a problem. Hjwever, as larger numbers if aviators are trained, some may
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be found with prominent cheek bones and deep set eyes who cannot get the combiner
lens properly aligned within the 10 millimeters eye relief allowed by the system.

An attempt was made to establish aome correlation between eye dominance and
number of flight hours required for transition training in the first 16 pilots trained
with the IHAOSS. Since the helmet-mounted display was on the right side, some ilvesti-
gators felt that the system would be more compatible with strong right eye dominance.
This did not turn out to be the case., Using a variety of measurements for eye dom-
inance, including the stereocamp3met-er, there was no correlation between measured
dcminance of either eye and timn' to completion, which ranged from 16.1 to 25.3 hours.
There was only a faint suggestion that those aviators with relatively low eye dominance
for either eye may have shorter training times. Continued study of larger numbers
should resolve this question. Incidentally, there was no significant change in
eye dominance during training with the system.

Studies with the PNVS and IHADSS to determine aviators' loss of dark adaptation
(and recovery times), and workload studies for comparison with NVG, have not y;t
been undertaken, but are clearly indicated.

CURRENT PROBLEM AREAS

Persistent problem areas with night vision devices receiving continued attention
include the following: Excessive head supported weight; difficulty for some pilots
in relaxing accommodation when adjusting focus; difficulty for some in alignr'ent
of optical center with pupillary axis; reduced field-of-view which increases heal
movement, thus crew workload and susceptibility to vertigo; inadequate contrast.
related to the monochromatic visual image; cockpit and position lighting compat-
ibility" difficulty with map reading; lack of user's ability to adequately evaluate
NVGs for defects (signal to noise, image quality, gain) prior to flight; integration
with CBR masks; hardening against potential countermeasures; and inadequate estima-
tion of available electromagnetic radiation and weather influences for each given
area of flight operations.

Additional problems with the IHADSS include: Unanswered questions regarding
eye dominance and retinal rivalry as determinants of successful use; unique problems
of integration with chemical/biological and laser protection; and fit and alignment
problems for those aviators with unique anatomical features.

CONCLUSIONS AND SUMMARY

As mission requirements and technology advance, the role of night vision devices
in Army aviation will continue to expand. Despite technological improvements, opera-
tional problems remain. The challenge facing the military community .s to resolve
these problems through carefLl design, testing, and evaluation to include continued
aeromed.cal research. And this is clearly an area which deserves particularly close
attention by members of the operational aeromedical community. Their active participa-
tion in training and flight operations with night vision devices will increase flightsafety and provide observations that will make easier the resolution of existing

problems.
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DISCUSSION

Papers 5-8I 5. D~r Breitmaler presented by D~r Reetz -USA -Visual and Spectroradiometric Perfirmance Criteria for aNight Vision Goggles (WVG) Compatible Aircraft Interior Lighting Specifi',ation.
6. Lt Col Genco pres.ented by Dr Sucrik -bSA - right "!1sion Support Devices: Human Engineering

Intelarati on.
8. Col Price - Ut'A - Aeromedical Lessons Lebrrned with Night Vision Devicetý.

Iangoff - GE: Col Price s^tated that. the perception threshold of the unailed eye was monocularly better
the mini ature CRT comnatiole with glasses?

Prie_ -US:Ieglctet mention row we stidied depth perception In th-, field, and what was doo'e. We
3etup nilie ofrectangular bars warying in t~idth ^,nd height so that tie same angle was su,.-tended at
the ye t dstanes rom200 - ?061) ft. We had a tracker line up the bar that was deviated and we movAŽthetwobar &prt romeach other and the subjects had to line them back. Obsically It looked as if

monoularcue in hatenvironmenc over 200 ft are even more reliable than b~nocular cues anrO although the
difference ini the two was not stttistically significant, th-2 way they turned out is plotted on that curve.
The monorcular cues looked to b,2 more 1wrportant. vAaybe Dr Brennan would hpk-c some ideas about that.

Brenn&n UK: Yes. I fin0 it surý%ýising, hut ot course, NYGs do degraee stereopsis significantly and I will
Fe talking a little twit cebout 01ls on Thc.rs'eiy. It, essence th-! d~stance at whtch you, are able to perceive
stpr;:4sis is dependant on the value you ac~cept for the minimum detectable instantaneous parallax and this
v~jlvi will be degraded when wearing RIVG; from the, very small valuer~ perceivable with the naked eye of about
4 sq'.onds or ar-,. I im not sayin~g that stereops's is rot iciportant with NVGs, just that it l,- less
effe,-tive thzin with the naked eyt, A question for Col Price, are your pulycarboncte spectacle lenses hard

________ YesD you find tnat when you hard coat th" thayc you degrad*. their impact tesi~tance?

PieUS: No, bat we really haoa not studied th,-t -rol,'"am. Wthat we dd was to take a few pairs that
;re -coated; regre~ttably our drop device only went to 6 ft so we cotvld twot test them dny higher.

Brennan UK: When our polycat:Sonate visors are hard coated their n'rformance ~s so degraded that we now no

Canyougetenogh iqh 4fr,)gh shredaletur ý,allenoghto glvi yat' tlte incr~ftsed depth ef field
you equreEve ifyoucanwhydon' yo jut mke SlghtybOger hole and put a 1 or 1.5 dioptee lens

SunkUSh_______iul ebi nug h wyi. st get enot'jt. light because it is stiE; going
though when ymlfcto ytm ou are io looting, rt the fr ildru we til~d -cene, you ara ignoring the dot in

yourscee whn yu ar lol~in ittheNir iel, bu whn &,e lokig atyou gugs yu lookingin

BrnanU:_________cieswllb f-cue o nfnt because you are using the whole of the lenses
Vien-yo a~ lokin e~crnl l, suyouaremakng pihol ora IL.ns that. Is focuseli to intinity anck you

Susnik US: r es. You are never re-focussing týhe tubes, yoi Just fixate the dot.

Breý.nan Ut: Anjitl'er way *-,uld be to remove a laiger area of your red filter and f#ý a smal' positive ;ens
of V e apiroprtatc power.

SusidtithS You may degrade I-our long vision.

3renr~sn UK-- No, not. if yoli use a small lens Imm or so in diaahter you will get enough light throi.gh and
yoc w911 git * focus related to the p'.wer of the lens.

SIs the miniature CR7 exupatible with the w-,arer of qlasses? -

9rice US: Yes. on the inttegrated HDS the spqctp,:le3 have to be mo'ified as I indicated, we have to 4
grina-5T the l~wer 251 of the Iiins inferiorly and laterally and then bend the frza&,. We were concerned

that we would haye to move the combined leni: out too far from the eye and would get a loss of ffeli 6f view
and some 0? the image2'y around the peripher~y, b'a tlMs was not the citse. We looked at a P:;ixber of pilots
with the modified spectacles and they :ad no loss of field of view. Now, theq*e are 5-L other problems
Ocat may occur as rie purcnase the larger slite of helmet to ae~cpoeolliati the chemical, r~retectiv- mask, it 3
intridicei scAs ne-A optical p?'o'iIem. it is n -reocking l ike arranqý*nt which c~omes over the face ;aA has
lr-nses behi1nd the combiner plat.e. --We Cn afford -.o itive every pilot two helmets so tney will hAve ti,
weir a space occupying stocking when they are lat wlcA.,In$ a chemical mask. That interposes a problem
which ts heIng lealt with. The mimple cii~wer to your questlqn 's, yes, you car, wear spectacles with 't.

-2 DrOaeper CE. May :add one little r~ark to *4hat Dr Brpmnnan has explained at-out bir~oulArity. -Looking
I -- - sans looting at a two dimensional stream so this explains tA. "~IT difference bewe..n .t~e

binocular and the monocular iiscriminat',or-oý depth.
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Bren',an UK: Ye,,, that is true uecause the disoaratp intarmation is so degraded. Stereopsis relies upon
Th'Reiftarent anpearanc.i as seee by tlh' t'r- eyc- ana it is arcurate when acuity is high. When acuity is
low It is ceegrided, I agreC.

Santucc~i F;Z: You 'aiivr eszablishc-d your tUchnical ipecificatlan for goggles by mainly using physical
rulet. Havt you e~sttialiljed any correla'ion with peychophysicaf mieasures? Apparently during the day you
vie coiaur coding uf inforritiori .nd ?- night coziing by luminance variation. Do you believe 'hat pilots
can ea.qily adapt fror day to nighti' Can t"'' ad.4ist qjickly to Che two types of coding systems?

Reetr US: 'o answer the first question, zrpe psy'claiphysical implications of this particulr colour wr have
seletd ra 9eing stuaied right now at U.S. Air nrwce Aerospac~e Medical Research Laboratory (Al4RL) by Mary
rerry. 3o tt basi' ansver ýo y6ý- q-,est~ion 1q that see do rot have 311 that much data at the present time
although we will attempt to 2.ollect it in t(,, future. 04th regard to your second question with the colour
coding we are implyirg that this particular lighting system would be the only lighting system in the
aircraft. In other words we are converting trom a three colour lighting systeff to a dual colour ligl~ting
system for use all the timle, we arc not implying that we are going to h~ivý- different display configurations
night and day. The red-;on %.e did that is that we fee, that the master' caution light needs to gain your
attentlcz so it will be a d~fierent colour zha.- %ý#C rcst of the cec~pit lighting. Once the master caution
light at~tacts y4our attention you lruld look to your enunciator pai~l to see .ehat the cautinn evenit was.

Bohm GE: You %r-ntioii also us~ng a yello)i. col~u' w.ith your NVG. for the cockpit lighting, Is it only for
fge3i'P generation tutes anid are you tý'.?fl usir., filters in fronit of the 3rd generation tubes because
sensitivity of the t~jes is high' at ao&-'t 55A to 5/ýnm.

Reetk US. We are only ta&lking about the third yeneratioi, Image tr~.es. The yellow that we are achieving,
as you ;;ill notice with the ANVIS radiance. wa: a factor of About 100 higher than the rest of the
instrument panel. We hava done some tests wikh lights of this design arid we have indeed found that they
arc tright enough to cee ar~d they jo not degrade the amplification characteristics of the g)ggles. You
real~j cannot 2ýt it much dinmmr in tcrms of tl~e ANVIS radiancý and still maintain this yellow. It has
ben achie-yed by a particular M.dr-facturer throughi use of LEDs, it is very difficult to achieve that with
an l'icande-cort c'ispllty and stiP w intain daylight readability.

Sptioni IT: Foe' the MVGs you i'owad w~th supr-iminosed syN.*~olpgy. How is this symbology correlated to
Te 5F'xt-errial ttorld. If yoi~ mcve the head whAt hap; 'ns to symbology?

Su~nik US: 7he sywmboloay is tied righL to the goggle itself !;o if you turn your head the symbology stays
in your ifl fveq,~i a 'ook at dilfererk. areas buý j.,u will still see the symbology in '.he same
position,

Spinoni IT: When youi are laoxiny to -hr front, if v'ou move you' head is it still correlated directly inN
?-oi-t7U. yu. If yoc mov.- the head from left to rir,'it is the syL.bology changing?j

*Susnik US: It is moving with the heart movement, it is ýhysically mounted to the outside of the NVG, so as
you turn your head it nio~es as ?iell.

-Z 1-
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NIGHT VISION BY NVG WITH FLIR

G C Bull
Airborne Display Division

GEC Avionics Limited
Rochester, Kent ME1 2XX

England

SUMMARY

Night Vision Giggles and fixed forward looking Infra-red equipments both
have particular operational shortcomings when used in a fixed wing aircraft
for close air support at night. However when operated together, they
comper.oate for each others' deficien-ies forming a highly capable system at
far less cost and complexity compared with other night vision systems.

1. TNTRODUCTION
Thc ability to operate eZfectively at night has long been a goal of every airforce in
the world, for two very good reasons: one, without an air threat the ground based
enemy can redeploay at night more easily; and two, that night period occupies a large
slice of time - around 40 percent of the European winter's day, as shown in Figure 1.
This shows the time when you c(uld fly iisually if only you could see in the dark.

i It's not surprising, theretore, that night vision equipment for flying has been with
"us for many years anc has been the object of much time and resources in development,

GEC Avionics have been active in the development of night vision sensors and disrlay
systems for bvth rotary aind fixed wing aircraft. This p-per des.'ibeo jome of ourflight test experiences in the fixed wing field.

2. EARLY FLIR TESTS
.. A13, In 1970, we- supplie-d e~quipmeot ýor a simultan'eous trial of both low light TV and

2- Forward Looking Infra-red (FLIR) on a Vought A-7 aircraft, with the sensors mounted in
pods. After much comparison of the relative merits and problems of Low Light TV and
FLIR, the infra-red side Gventually won the day. The reason was that it could produce
a better picture for more of the time than the Low Light TV, and it was also 'mmune tc
washout by bright lights. However FLIR did not have the monopoly of providing a good
picture, and for a while the A-' programme was scheduled to lollow a multisensor
approach, with both FLIR and LLfV. Fifteen years later we find that history is
repeating itself as so often happens, and those advantages uncovered in the
nultisensor approach are turning up again - but with come difierent hardware.

The A-7 sensors were switched so that either co'ld be shown on the Head Up Display, to
enable direct comparison of the two. The Head Up Display, shown in Figure 2, had a
fairly small field of view by today's standards. The instantaneous view, without
moving the head was just over 12 degrees, with a total field of view of 20 degrees.
in spite of this small field of view, the fact that the display was collimated gave
you the impression of looking through a port hole on the outside world. Add the
"normal Head Up Display symbology to the picture, and you have effectively duplicated
the daytime conditions - as long as you only look at the display and not through the
canopy aides. Even ao, the pilots found they were quite able to fly and manoeuvre the
aircraft at low level, and to pick up targets - as long as thay were flying towards
them.

3. OTdER SOLUTIONS
" L.ater programmes tried to overcome this lack of ability to look off-track, by adding

I ,imbalb to the FLIR. However this gave a new set of problems: how do you represent a
Z picture that is not looking where you're going on a display that is firmly fixel in

Sfront #,f you? In addition, you now have to control the FLIR direction by a hand
controller or similar, set the magnification, and interpret what it is you're actually
seeing. Add to this some lag or overshoot on the gimbals and the illusion that you're
seein.s the real world is lost. Your work load goes up to a level where you or s
uncomfortable flying at low altitudes. So you pull up to fly higher. Because any
sensor picture is poorer as you fly higher k ou are now more uncomfortable, so you go

"V I| •even higher and so on, becomiig more and more vulnerable to enemy detection.

N§1 I t• Some gimoalleC systems of course have b'icome successfully refined for particular
tas'ts, such as the A-7 FLIR and USAF LANTIRN programmes, but for low level close air
support the overriding naed is for a system that is easy to fly. This implies other
advantages sucra as minimal retraining and fast acclimatisatior of a daytime pilot. In
short, the overall goal should be to project the normal daytime VFR procedures into

S II i the hours of darkness. Only then will the pilot feel comfortable to fly at the low • .
altitudes where he t most effective.

-- - II -_"-
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4. FLYING WITH NVG
Around the time when this debate of gimballed sensors and methods of display was going
on, one of the test pilots at RAE Farnborough tried the unthinkable. Sqn Ldr Jerry
Fisher took a set of night vision goggles that had only been used on the ground or in 2
helicopters, and flew with them in a fixed wing Hunter aircraft. He wrote a report
that started some rethinking in the night vision world, and resulted ia a new way of
flying fixed wing. At a stroke, NVGs provided the essential elements missing from a
simple fixed FLIR:

o Excellent look-around capability
0 Good field of vew
0 Failure - survival redundancy

You could n.w look around with co..pletely natural head covemeats, giving you excellent
orientation from what was happening all around you. Your heac' movement told you where
you were looking, so no need for difficult-to-interpret line of sight indicators. You
could pick out a target iway from the aircraft track. You c.ould see iato turns,
vastly improving your maroetvreability. The fteld of view was better than any
.,viilable Head Up Display and when you're flying low level aisd fast, it was 1 comfort
i., kr.ow that you have a backup way of seeing where you're going in case the FLIR or
display fails.

5, REINTIVE SHORTCCMINGS
Kowever, N7Gs are still, even today, no substitute for n good ELIR, for several
reasond.

"o No true infra-reu -arAbil.ty
"o Limited sensitivity
"o Limited fesulution
"o Limited dynamic range
"o Scene is viewed through caitopy

The so-called near-IR band in which all KVGs eperate still rsquires iilumination from
tne sky and so is affected by c~oud cover and the state of the moon. On th. other
hand thermal differences are alvays present, especially highlighting intacesting
targets like vehicles and troops. True IR is relatively unaffected by haze or smoke.
whereas NITG effectively operate under existing visibility.

NVGs are designed down to a minimum weighL, so their image performance is somewhat
limited. Low dynamic range tends to lose detail in sorle low or high highlight areas.
With FL!r, being aircraft mounted, more space existi for oomprehensive facilities in
picture control and enhancement, NVGn have to view the scene through the canopy and
thia can 4ttenuate the NVG spectrum and limit their ability in the low light levels.
Thi3 will be further degraded iV the cockpit lighting haa not been totally corrtctne,
,nd reflections off the canopy confuse the outside image or C.rtificially reduce the
gain oC the NVG. Thus the NVG :ind FIIR do complement each other both in performance
and method of use, providing real advantages when combined.

6. VIEWING HUD BY NVG
F"jweve: a difficulty exists when you are wearing convnntional NVG; you can only see
yo-ir FLIR picture on the HUD by viewing it through the NVG. Their limited performance
compared with the FLIR and HUD will reduce the resolution and dynamic range of the
FLIR picture. To overcome this difficulty, we invented a new NVG that ,ombines the
intensifier image optically with the direct view of the HUD.

7. CATS EYES
Compared with the s.raight through goggles, where the eye looks into cr around the
eyepiece, the new NVG has a combining eyepiece as shown in Figure 3 that allows a
direct view even when the NVG is turned off. Called Cats Eyes, the NVG shown in
Figure 4 provides you with a much clearer view of all cockpit instruments and controls
as well as the HUD. The HUD image is prevented from entering the intensifiers by the
normal complementary filter used to --eject cockpit lighting. Since the FLIR picture
is now seen only by direct vision, it suffers no reduction ijr resolutior or dynamic
range.

8. FLIGHT TERIALS
F.' ight trials el FLIR and NVG have been conducted by kRE Farnborough Un the

-• i 'Nightbird' aunter programme, and by the United States Marine ^orps on their 'Cheap
Night' A-7 programme. The essence 6f tLe latter tongue-in-cheek title was to draw
3ttention to the fact that a fixed FLIR plus NVG would turn out cheaper than a more
complex gimballed system. Later this year General Lynamics plans to do similar trials
iii an F-lF,.

The objective of the trials was to demonstrate a night vision system for fixed wing
aircraft that was easy to use, required minimal retraining of a daylight-trained
pilot, could be used in all phases of a mission and was cheap. A po mounted FLIR,
shown in 2igure 5, with field-of-view 20 x 13 degreen was displayed head up,
Ioresighted and ovevlaid I to 1 on the real world. HUD syr-bolc;y was added to the
overall picturc.
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9. RESULTS
The results were most rewarding. Usually in night flying, looking around without NVGbrings on rapid disorientation. With NVG however, the pilots' scan patterns made much
use of look around and down to provide better orientation and appreciation of terrain.
Even when light conditions were so poor that NVG would not pick up useful ground
detail, the test pilots reported that they picked up the glow of the night sk. on the
horizon. This assisted orientation so much that it was worth keeping the NVG on the
head.

When the pilot* looked forward, their view was enhanced by the FLIR displayed on the
HUD. Since this was collimated and boresighted to the real world, the FLIR simply
appeared as an area of scene with better clarity.

The pilot's scan pattern depended on prfiailing light and visual conditions, resulting
in the better image coming from• NVG or ";TR. The pattern ran through NVG - HUD - Head
Down Display - Projected Map Display - Xttitude Indicator, repeated approximately
every 5-10 seconds. With conditions favouring NVG operation, these contributed 70
percent of the information, with FLIR 20 percent and other inputs 10 percent. Under
eoor NVG conditions FLIR gave 70 percent and NVG 10 percent, with projected map and

conventional instruments providing 20 percent.

Other benefits were noted. The differing spectral sensitivities of the NVG and FLIRresulted in some objects being picked up sooner than with only one sensor. For
example, some lights having a low IR emission were first noticed on NVG long before
producing an image on FLIR. Some FLIR scenes can be misleading, such as smooth water
that reflects the temperature of the sky or a river bank, rather than its own
temperature. The NVG provided the second opinion that cleared the confusion.

The systeia could also be adapted by the pilot to suit prevailing light levels and
flight conditions. With good ambient lighting where NVGs gave adequate performance
for en-route navigation, the FLIR could be switched to a head down display, leaving
symbology on the HUD. This provided as near a duplication of d&ytime conditions aspossible, with the FLIR available head down for confirmation of the scene as required.
This facility of providing a choice for display surfaces was judged to increase theacLeptabllity of the 3ystem and hence the operational effectiveness, since it was feltby the pilots that they had greater control over thsir procedures.

10 FUTURE DEVELOPMENTS
Lookin- aheaC to how the system might develcp, besides general improvement in FLIR andNVG image 4uality, the most signifie'int item that would affect the way the system is
uned is prnbably the display. Although NVG provide the lookaround, a larger FLIR
coverage would improve performance in marginal lighting conditions, especially in
turning flight. A conventional HUD has a 15 degree vertical field of view, and theFLIR ientrelin3 is slanted down to present as much of the ground as possible. This is
shown in the small rectangle of Figure 6. However in turning flight, this provides
only 3 deoree look into the turn. Going to a diffractive HUD such as LANTIRN
efteýtive'l doubles this as shown. Even so, the display covers only a small part ofthe pilots total field of view. To increase this still further, a helmet mounted
dicplayed is required, but now we are getting back to giubals and more complexity.

0.,e limitaticn of the fixed 1,1 FLIR is that target recognition at long ranges is
difficult withoiit some optical magnification. An area for development being
cor.sidered here is to aquip the FLIR with a magnifying telescope that could be
switched its only for the 40 milliseconds that it takes to store the resultant TV
picture. A specitl BUD syxbtbol would mark the centre of magnified field of view, andon comRAnd the picture would be grabbed to be frozen and displayed magnified on a head
ýown display - shown in Figire 7 as close to the normal sight line as possible. Only
a minimai InteLruption of the normal FLIR picture has occurred, and the pilot is ableto 'den.ify hi& taxiet as require6.

11. CONCLU13XON
A To summarlsv the ebsential features:-

o NVG and fixe FLIA -omplement each o'her well

0 The aim should be to euplicate normal daytime VFR procedures

R-0 FLlR should be displayed hea6 ip with unity magnification and
ncrmal HUD symbols

0 Display flexioility should allow pilot choice to adapt the
syst~a to prevailing conditions
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FIGURE 3 A-7 CHEAP NICHT TRIALS FLIR POD
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FIGURE 5 THE NEW CATS EYES WIG
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PARTICULAR PROBLEMS OF AIRWORTHINESS FROM AN

OPHTHALMOLOGICAL VIEW

by

J.Draeger, K.Hanke and H.Wirt
Department of Ophthalmology

Hamburg University
Martinistrasse 52
D-Hamburg 20

Federal Republic of Ge. many

"Navigation of airIrafta depends on visueI acuity and optical perception in the main. Therefore ophthal-
mological evaluation ia of major importance in aviation medicine. Each country uses own national medical
standards for the three different pilot classes. But there still remain applicants not exactly mieetin-g
these standards (I - 4).

In Germany, the "Fliagerdlrztliche GutachterausschuB", a special expert board, is competent for these
borderline cases in civil aviation. Same examples are given from the practice of this board showing
the particular problems of appropriate decisions. Also the major differences of nationsa. regulations
between Germany and the USA will be discussed, comaring civil and Air-force standards.

TO start with, the national standard for visual acuity are quite diverse, mainly for the visual acuity
without correction (fig. i).

For illustration, let's take the cases of two control tower operators. As far as ayes and ears are
concerned, they still need a let class certificate in Germany. That's why they give some trouble to the
expert board.

The first operator, 44 years old, is myopic on both eyes with en uncorrected visual acuity of 8 0,05
and L 0,1. He doesn't even meet the 3rd class standards. But with glasses he can be corrected to
R/L 1,0.

We have to ask ourselves, how he ever got his first certificate, but nevertheless he has been working
so far without the slightest difficulties in air traffic control. In our opinion it would be sufficient
for control tower staff to evaluate only the corrected vision. The reason for considering the uncorrected
vision in flight crew is to provide flight safety in case of loosing or breaking spectacles, for
instance in severe turbulence. As there are hardly any thunderstorms or air-pockets in a control tower

environment to be expected unc~rrected vision is of no Importance:

A2nd control tower operator, 46 years old, reads -inly 0,8 in one eye, with the other 1,0. He also
doesn't meet let class standards.

As air traffic control personell nowadays morks ~Aninly with two-dimensional displays, binocularity no
longer is of very much importance for this outy. Therefore the board issued a waiver. Anyhow, mare
important for display reading is near vision, not only for ATC-.etaff but also for aviators. The
current standards regulations for near vision are given in the next alice (fig.i)

But do we need special requirements for near vision at all, as near-vision corresponds exactly to the
distance visual acuity, if only appropriate reading glasses are used? It's Just a matter of mern
calculation.

The next expert boards case leads to the problem of contact lenses in r~viation. The 34 years old
applicant wanted to become a parachutist. Dues to myopic astigmatism his uncorrected vision is 0,03 in
both ayes. German standards however require 0,1 uncorrected. German Air-force as wall as UIS civilI standards give no inferior limits as long as the corrected visual acuity is 1,0.

j But we have to consider that especially in parachuting wearing of glasses may be a problem. The visual
field will be constricted, the glasses may break or got lost during the p Than a visual acuity of j
only 0,03 is not sufficient to estimate the proper ].ending position.

It is extremely difficult to estimate the minimum visual requirements for different flight conditions.
The current UB-minimum of 0,1/0,1 for 2nd cle~s qualification seems to be fairly low. A detailed
experimental study in cooperation with the Institute of Aviation Medicine in F~rstenfeldbruck is planned.

To coma beck to our parachutist, he instead Could wear contact lenses to remain his visual field.
ou tleast in Germany these have to be soft lenses. As you can see in the next elide (fig. 1), contact 0

iosuse in aviation also is diverse in national ayiation requirements. In Germany hard contact lenase
can be wasn in all case where glasses are required except for parachutists and stunters. They have to Rý
use soft lensess. But this only applies for civil aviation. Strangely enaugh, the " Mndawhr and also
the UIS Air-force don't allow contact lenses at all. As we have learnd today, contact lernse could be
the beat only possible optical correction in connection with night vision goggles. The US civil
regulations say that w~xporence had indicated no significant risk to aviation safety in the use of
contact lernse for distant vision corrections.a* However contact lenses that correct near visual acuity

~~1 only or that are bifocal eam generally not considre acceptable for aviation duties.* This certainly
~ is a good deecription and a wise decision.

rA
U"
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Intaresting in this connection is the contact lens for aphakia correction. In US civil aviation contact
lenses explicitly have to be worn in these cases because of the extremely narrow visual field when
using glasses for aphakia correction. In Germany the "GutachteruusschuB" again would have to decide
as uncorrected aphakic vision is below the 3rd class limit of 0,1. US Air-force rejects applicants with
uni- or bilataral aphakia in genemrl.

In cooperation with the Institute of Aviation Medicine, IFVLR, we have done some studies concerning
contact lens use during flight conditions. We especially investigated g-tolerance, the compatibility of
CL in low atmospheric humidity of 10 % and the formation of gas-bubbles under decompression to 16.000
feet altitude. The results revealed the excPllent tolerance of CL in flight unnditions (5).

And what about intraon.ular lens implants? They are not mentioned at all in German requirements, neither
civil nor military. In US civil aviation the applicant needs a Statement of Demonstrated Ability (SODA)
or other written evidence that he has been cleared by the FAA. If he meets the visual acuity standards,
there are no restrictions to issuance. In the US Air-force implants era rejected again (fig. 1).

Again an example from the practice: A 37 year old fighter pilot developed a traumatic cataract after
perforating sclerml lesion with intraocular foreign body. An extrecapsular cataract extraction was
performed with intraocular lens implantation (6). The postoperative visual acuity without correction
was 0,8, with glasses 1,2. After extensive discussions a waiver was issued. He had no problems in doing
his duty as fighter pilot. Monocularity is another prob]em in medical standards. Detailed provisions
exist in German and US civil aviation to allow the one-eyed pilot to demonstrate his ability to
compensate for the loss (fig. I).

In Germany only a 3rd class certificate can be issued for one-eyed applicants whereas in the USA there
is no restriction to private pilot'c license. With flight experience the airman may qualify for additional
pilot certificates. In the "Bunesswehr* and in US Air-force moocularity leads to rejection of the
examinee. Another example quite difficult to be decided by the expert board:

The 46 years old pilot was qualified 2nd class since 1975, with 2.300 hours flying time. However, due to
strabism in childhood she had amblyopia with a beat corrected visual acuity of 0,1 in the left &,e, the
other eye reached full vision, Therefore she practically was monocular, which means only 3rd class
qualification. But special issuance by the "GutachterausschuB" was given in the end, for she had
definitely demonstrated her ability.

Our last example deals with glaucoma: A 48 years old pilot suffered from open angle glaucoma. There was
no loss of visual acuity or visual field and the intraocular pressure could be kept under adequate
control by eye drops. In the "Bundeswr" and US Air-force as well as in German civil aviation up to now
any kind of glaucoma is cause to deny certificate issuance. In German civil aviation however the
requirements are about to be changed to then exclude only a noncomponsated glaucoma. Only the US civil
regulations take the advantages of modern glaucoma surgery into consideration: Special issuance by the
FAA is made on an individual basis, if iridectomy in narrow angle glaucoma or a fistulating operation
in open angle glaucoma has been performed satisfactorily over three months prior to application (fig. 1).

We could still go on with our examples, but I think the most important problems have been pointed out
so far. Concerning color vision and visual field, a comparison of the national requirements here is
given too (fig. 1). We wanted to show first of all, that due to either modern possibilities of
ophthalmological surgery (cataract or glaucoma) or due to new navigation instruments and displays
(near and distant visual acuity) most of the regulations certainly have to be revised and adapted to
modern requirements.
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Fliurs 1: Comparisun of the national aviation regulations

F A A German civil Bundesawhr US Air-force
VLgial acuity: 171-1- S.C. 0,2 1I/II: s.c. 0,3 1: s.c. 0,5 I:S.C. To,0

c.C. 0,7 c.c. 0,7 C.c. 1,0 IAp 21 years:

or 0,5/1,0 11: s.c. 0,3 S.C. 0,1

III: s.c. no limits III: S.C. 0,1 c.c. 10U C.C. 1,0

c.c. 0,6 c.c. 0,5 111: S.c. no limits IL S.C. 0,1

c.C. 1t0 cac. I,0

III: S.C. 0,05
C.c. 1,0/0,7

Neaw Vision: 1st class 1,0 all c~lasses no all classes I: S.C. 1,0

no sp. requ. for sp. requ. no sp. recu. IA>u21 years:
a0/Ilc s.c. 0,5

c.c. 11y

II: s.c. 0,1

c.c. 1,0

III: s.c. no stand0

c.c. 1,0/0,7

Contact Lenses: all classes no all classes no all classes not I-II: rejected

llislimits allowed III: "Waiver" pass.
necessary for except for pare-

aphakia chute and stun-

ting

IOL-Iiuolant: not mentioned not mentioned not mentioned rejected

SODA necessary pass. with owaiver"

Monocularity:1 no restrictions I/11: no issuance I-III: no issuance I-III: rejectud
waiting time 6 eontne III: pass. after

I year

Glaucoma: speciall issuance no issuance no issuance reject.d

Color-tsion: I: normal c.v. night I-II: AQ 1,3/0,65 I-I11: Ag 0,7 - 1,4 I--.111: nurmal color

flights can be ex- III: signal test :vision
Vcluded pass.

Visual f classes loss all ne srlose ps periphiel

Moaurt: n vetr fton cla oisune I-I:n ssuasce I-III: zJcr

III: no severe upto200  upto h los uppto 1

diseases of thueyw
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DISCUSSION

Paper II

11. Dr Draeger presented by Dr Wirt - Germany - Particular problems of Air Worthiness from an
Ophthalmological View.

Brennan UK: It is a subject in which I am very interested and on which I will be talking later. As
re-gar-iF-contact lenses we ran a trial and the results of the trial appeared in the January 1985 edition of
Aviation Space and Environmental Medicine. The Flight Acceptability of Soft Contact Lensesý An
Enviriticntal Trial. Brennan, D.H. and Girvin, J.K. We fitted a number of subjects with contact lenses
and they came to Farnborough where they were subjected to the environmental stresses. We subjected them
to every adverse stress we thought -'elevasit and tne lenses behaved well, so I would agree with you up to
that point. So,.xthing less than 40 subjects were fitted with soft contact lenses or either 50% or 75%
water content and we encountered, in this limited sample, two :ases of corneal ulceration. One was a
limbal ulcer which fortunately had no consequence to vision being peripheral, but we also had one central
corneat ulcer which required a keratoplasty. Fortunately the pilot is now flying again, but that was a
very high incidence of infection. Soft contact lenses also require a great deal of md-.nteriance and
perhaps in the field it would not be advisable to issue them. I am thinking, for example, of a Harrier
detachment out in rough terrain. So on that basis we in the RAF, currently, do not issue contact lenses
to aircrew except in exceptional circumstances where they are required for pathological reasons. We also
had one instance and this happened on the ground, of a volunteer suffering an F3 behind his contact lens
and this was txtremely painful as the contact lens neved the FB. The soft contact lens may also pick up
atmospheric pollutants. We have not done a trial with chemical warfare agents to see whether there would
be a sloA release, but I think it might well happen. On that basis we do not accept contact lenses.
Changinq the subject, you showed somebody with an intra ocular lens, could you be sure of the stability of
that lens under high G forces, say with a rapid decelleration or an ejection. I also noticed chat he had
a very large per;pheral iridectomy, in fact it was far more than peripheral it was almost extending to the
iris margin; does he not have trouble witri a double pupil?

Wi-t GE: Concerning yot-r first description of the two complicated cases with contact lenses, we all know
these cases from contact lens wearers outside aviation. There are some millions of conLact lens wearers
thoughout the world but most of them do not suffer from corneal ulceration until after years of continuous
contact lens wear. An ulcer will not happen within hours and preceding any serious corneal damage the
affected person will feel some pain, some irritation, so in general he will remove the contact lens long
before an ulcer (zcurs. From the first lesion of the corneal epithelium through infection to ulceration
takes, even in rapid cases, some days, so I ani really surprised how these people could develop an ulcer
unexpected and unsup-irvised. Normally a subject will take them out as soon as he feels the first little
irritation and nothing happens. We have never seen troubles from contact lenses different from troubles
in general life. As far as this case with an intra ocular implant is concerned it is some years back, and
I must explain that there was a period when intra ocular implants were fixed inside the e~e by little loopsI attached to the chamber angle and this led to serious complications 20 years ago. The nLxt step and this
is what you saw in the slide, was fixation by little loop. behind the iris, the optical part being in
fronc, this being the style ten years ago. It was a seriously damaged eye which was rejected by different
departments for operation at all. When we saw the patient he showed a marked irritation from the opened
anterior surface of the lens, lens material had come into the anterior chamber. We were worried by
osterior synechiae and irritation and this is what led to a large iridectomy, I admit this to Or Brennan

of course, we were lucky that the eye cleared with the next two or three days and that implant stayed in
place. U-ing precise ultrasonography we ended up with a very good uncorrected vision of 0.8 which is rare
even in an experienced department, usually you need a lens to restore full vision. This is what finally
led the Bunderswehr to let him fly again and to my knowledge he has continued his pilots service without
serious problems. A moderti intra ocular implant and the one you saw has a weight of about 5 mg compared
with the normal eye lens weight of about 200 mg, Is very light. This is a point we have discussed with
General Burchard, we have not yet put patients with implants on the centrifuge or even on the ejection seat
to give them 10 or more G. I am sure nothing will happen to tnem as they would lose their natural lens
before the implant, es it is heavier and with the new technique it is perfectly fixated into the capsular
bag. We have not proved this experimentally, so far, but we had the same questions and also th- same
doubts of course. It would be a very good idea to try to check this with your assistance 'ieneral
Burchard.

Brennan UK: Yes, I think that somebody hab to check whetner these lenses will stay in positiin. I take
your point, of course, the lenses you showed are not used now. It Is posterior chamber lenses wh'-h are
fitted with polypropylene springs intn the ciliary sulcus and these should be much better retained but of
cours2 the anterior capsule has largey gone, you only have the posterior capsule so perhaps in a sudden
decelleration - I don't know what would happen. Yes, we were unfortunate to have the incidence of
infections we had, on a pertentage basis it was very high. Perhaps when new lens materials come along
which require less maintenance we may adopt them. I don't know.

Santucci FR: Within the French Air Force we adopt the same attitude as the British. Concerning contact
lenses it Is true that in a decompression chamber the bubbles tway not be so harmful, but these contact
lenses may have to be used in a, operational environment. If you have a helicopter In the field which is
far away from its base It is often difficult for the pilot or crew to get food, how ;re they going to
maintain the contact lenses in this situation? A possible solution would be to hwve disposable lenses.
Now, regarding the lensp% which will " re,•toved when they become pa'nful to wear. I remember the case of
one of my younger colleagues, an ophthalmologist, who went to sleep wearing Its !oft lenses, the next
morning he developed a perforating ulcer. Fortunately he revoveted after -svqery. Now concerning the
intra ocular implant, 5g is very light, but with a % acceleration it beLomes 45g. What happens to the
cornea irritated by the loops of a fixation system? Before we change scsndards, experimeAts are necessary
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and In France we are going to Larry out experimentation on animals before risking a human eye. Last
point, concerning the colour standards, I feel that we decided too quickly to revise them. There is a
change, a development, in the disolays ir. military and civil aviation. Multi hued arrays will be used and
d lot of money is being spent on the CRT tubes, meaning that we require the whole range of colours. We
may have more flexible standards, but let us wait e bit until we know what would be the performance of
someone who does not see t.he colours. Would such a person be able to see a multi colour tube? It is all
very well to revise or review standards to accept a larger number of pilots but what are the consequences?
I may be wrong but I feel it is too early to change standards. In any case there is no war at present, we
do not need so many pilots so for the time being lets play safe. Now concerning the work of my civil
colleagues who do not work in the Air Force, they should recommend their pilots to remove their soft lenses
aid use spectacles when they are on civil flights from Paris to New York, for example.

Burchard GE: I have one other comment about the implant, it was a very difficult decision for us to have
t.,e first pilot flying about 9 years ago. Now we have three pilots flying with artificial lenses. You
have, as far as the G load is concerned, to consider that the new material of the Implant has about a
density of 1.0, so the lens is suspended within the eye. If you have a density of less than 1.0 the lens
will tend to float upwards under the G load and if it has a density above 1.0 it has a tendency to go down.
So the tweight actually does not have any impact on the position of the lens if It has a density of 1.0, and
as far as our pilots are . cerned they have had no difficulty in flyinq high performance aircraft.

Brennan UK: I would just like to add that if you were unlucky enough to suffer a pyocyaneus infection it
would take very little time at all to perforate, but having said that of the people that suffered the
ulcers, at least one of them complained rapidly and was treated quickly and the ulcer was contained. I
cannot speak for the other man as I did not see him but it is possible, although I a~n not kr~w, that he was
slow in coMlaining, some people are more stoical than others and will take longer to seek assistance.
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Compuer Visual Simolation of Contrast Scnsitivity Deficits
Induced by Laser and Chemical An,,idote Exposure

H.Zwick, PHb, DAC, D.Monroe, CPT, MSC, L.Sherman, DAC
1.etterin A.rmy Institute of Research

Presidio of San Francisco,Ca 94129

SUMMARY

Training in some complex combat-related tasks may produce a
degrae of transient v1.ual impatrment which mav' simulate what could
be *xpected in combat. This paper presents a me.hod for sioulating
vi-suil impairment procuced by potential combat conditions. The use of
a computer to both digitize and store as well as produce the
cinulated image has provided an ideal tool for research. The degree
of realism provided by such simulation offers suggestions for
deve.opment of more realistic training techniques.

The ability to represent a complex visual image along a unitary dimension and
relate this dimension to target acquisition criteria is critical to ýdilitary traini g
concepts. Re-ent experiments (1) have stggested that the physics of form and hum~n
spatial vision are uniquely related to the spatial frequency domain. Small changes
in the amplitude of selective spatial frequencies can have significant effects on humai
form vision (2).

A scheme to represent a complex target along a single spatial frequency continuum
was first proposed by Johnson (3). The Johnson criterion relates the number of cycles in
a square wave grating (black bars periodically alternating with white bars) required for

either detection, identification, or recognition, to complex military targets as a
function of target range. Complex military targets can be scaled with respect to the
number of cycles required for either detection, identification, or recognition.

While the Johnson criterion (3) is adequate for scaling high contrast stimuli in a
reliable manner, it is neither parsimonius with current physiological mechanisms
underlying human spatial vision nor adaptable to characterizing how the perception of
complex images might be degraded by exposure to noxious battlefield conditions.

Many recent experiments (2) indicate tnat mechanisms underlying spatial vision are
-!actively altered with regard to their ability to reprEsent the spatial frequency

domain. Such degradation in the neural mechanism of spatial vision is not easily
represented by changes in the number of cycles required for a visual response.

Image degradation which might be produced by potential battlefield exposure
S~conditions can be 3imulated by modulating the spatial frequency content of a compleximage using data derived from the actual amplitude modulation induced by experimental

procedures. In this -aper, spatial frequency contributions have been modified according
to the results of ehperimental data to obtain the inverse Fourier transform of a
complex image.

METHODS

A computer interfaced with a video frame buffer was used to produce Fourier
filtered ipages. The frame buffer used stnred images in a 256 by 256 pixel format with
64 shades of grey (4)., A two-dimensional fast Fourier transform (FFT) was used to alter
the spatial frequency content of a complex Image in accordance with changes that had
been induced in contrast sensitivity experiments. The original image was filtered by
reducing the signal amplitude contributions at selected spatial frequencies in direct
proportion to lossez obtained in contrast sensitivity at corresponding spatial frequency
"points. An inverse FFT was then performed and. the filtered image displayed on a CRT and

N. stored on hard disk.

_ Data from three contrast sensitivity experiments - the acute effects of Q-switched
pulsed later exposure (5), benactazine (6), and atropine (7) - were used to derive
degraclec, imagea in correspondence with the previously obtaxned oontras, sensitivity C
data.

RESULTS

Contr&St sensitivity data, replotted as a percentage of the baseline contrast
sensitivity for acute laser exposure (5) and for benastazine (6) ire shown In Figure 1.
Changes indiaced by atropine ()were very slight, varying between 95 and 98% of baseline

NNE__"-
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with such procedures, any image that can be digitized, can be modified and used in
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FIGURE 2. Computer generated image-•

specific training scenarios. This method extends our abilit to characterize comIplexIstimuli by allowing both normal high contrast as well as degraded image- to be
reprezented along the spatial frequency dimension. The knowledge that certa~n
exposure conditions might blur vision while others might simply altvr the overall
contrast of a complex scene is informaticn that could be provided safely only with tge
aid of the present technique for chiracterizing the effect3 of noxious environmental
conditions on spatial vision.

"Finally, for The development of effective combat trnining, incorporation of the
degradation technique provided here offers a viable alternative to training procedures
requiring adverse environmental conditions capable of prodicing moderate transient
physiological effects. Such training simulations can be readily adapted by the Army in

' • both basic and advanced courses to prepare for the soldier's ability to be successful in
combat despite minor or major alterations in vision.
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NEW GLASSES FOR PRESBYOPIC PILOTS

by

J.Draeger, H.Wirt and K.Hanke
Department of Ophthalmology

Hamburg University
Mar timstrasse 5 2
D-Hamburg 204, Federal Republic of Germany

The variety and ccaplexity of visual demands in cockpit envir-nment is increasing. The vertical and late-
ral arrangement of flight informati,, systems, in addition at different distances makes observation time
corsuaing, -ince movements of gaze combincd with accommodation are slower than movements alone. This
differenca is due to a delay of accommodation of about 250 msec. (HARTMANN, 190). Flight information

systems therefore should be closely concentrated, whenever possible. This applies to the young pilot
who tss to share his attention hetween cockpit, air space and observation of the enemy, and even more
so to the senior, which means presbyopic pilot.

Presbyopia is a physicLogical condition starting by an age cf about 40 and increasing steadily with age
until accommodation cý*tnes around 55. This means that the naked eye is not able to read instruments and
charts in near distairs. This problam is not only of theoretical interest and may effect even a younger
pilot: According to the normal distribution of myopia and hyperopis in a pupulation there -is a certain
percentage of "latant hyperopiam with full distant vision. In this case accommodation is continuously
necessary already in distance viewing and wen more so in close range. Reading proolema thus become
obvious even before the age of 40. The blurred vision begins at close range (I.A.L. Chart, manuals,
rhnck-list), later at mid distances (forward instru•ent panel, center console, overhead panel).
New flight Inormation systems havw improved this situation, since the visual information is concen-
trated in a small area.

In a fighter cockpit the information of the head-up display is projected on to the wind-screen. Therefore
the pilot has to share his attention between infinity and the projected image of the head-up display,
focussing and defocussing very quickly between both distences, always looking straight. This reaction
slows down with age and presents a problem similar to that of an older rifleman who has to accommodate
between becksight and forsight for aiming. With beginning presbyopia aiming gets more and more difficult,
till the use of a sighting telescope becomes necessary.

In civil airliners still side and overhend panels call for extensive eye movements however. New designs
of multifocal lenses are therefore essential for the presbyopic pilot. Especially overhend panels require
new, unconventional solutions. Regarding the great difference in cockpit design between a fighter air-
craft and a jet-transporter the glasses have to be specifically tailored to the aircraft used to meet
all requirements.

In an experimental study an attempt was made to investigate this complex problems and to test certain
colutions (CRAEGER et al, in print). A group of untrained prasbyopic subjects were asked to perform
specifically designed tasks of assembling small parts and were fitted with different multifocal glasses.
In three different ranges and different levels, approximately according to the distance in a cockpit
(Charto, center console, forward panel, side panel, overhead panel), they had to differentiate and to
grasp &mall electeonic elements and to fix them on an electropic plate. The time needed and the mistakes
were noted and compared. The evaluation showed much better results for those subjects which had with
their glasams the greatest visual field for each specific range and level.

The bkoinning presbyopic (40 - 47 years) were able to compete with the high performance group when using
exactly fitted bifocals.

At the age of 50 trifocal lenses gave the best results, but this group did not reach same level as the
{1high performance group.

The glasses tested wer coon bi- or trifocals with saill reading parts, glasses of the *exavutivu types
with large •eding parts and horizontal border and progressive glasses. The best results in both
prembyopic groups were found with glassas of the executive type which gave the greatest possible and

S•1well defined visual field in each runge.

In applying our experimental results to differmt cockpit condition the following conolusios can be
diraw nr 1. Pilots with beginning presbyopis are able to accommodate for mid distance. They can control forwrlxd -

panel, center console and a great part of the overhmad panel (fig, 1).

Fla. 1: Schematic drawing: Cockpit and correctiorn areas (A 310)
They need glasses fo the charts, manuals and checklists however. Lookover or a bifocal of the axv-

cutive type might be sufficient. This is in accordance with WATKINS (1970).

2. Pilots with advanced presbyopia aem not able to control these distances wittout opti.c. aids. Conme-
quently we have to correct three different dIstnces:

a) Infinity to windshield
b5  e distance for forar panel, center cosolm, side panel and pert of overhead ranelo Near distance for pert of the h pI, ohecklists, manual end charts.

Ner1aec o at fteaehe a
.*3*~F3
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The dimension of a fighter cockpit is relatively small, it is very compact. Therefore the high visual
demands result more out of the high speed and the necessity of fast reception of the visual information.
For a presbyopic fighter pilot we would advice special trifocal glasses with a distance part and midrange
part, both of great extension. This allows to visualize the pedistals on his right and left side, as
well as forward panel and the aiming display. A relatively small, but well centered reading part for the
charts should be sufficient.

In a helicopter cockpit the problem for the presbyopic pilot is different. Here we have to consider that
the pilot has to lower his gaze to control his instrument panel in near distance and also for looking
into distance out of the lower windows. Therefore such glasses need a distance part at the bottom as
well as at the too. The situation in transport aircraft or commercial airliners is similar.

The extension of the various panels is large. The pilot is almost surrounded by instrument panels in
different distances. Even in very modern cockpits with new integrated flight information systems
the pilot has to face high visual demands. Especially the overhead panel requires an urphysiologic tilt
upwards and sideways of the pilot's head combined with accommodation.

The usual vartical arrangement of the different refractive powers within multifocal lenses is not adequate
for pilots of these aircraft.. To oiminish the movement of gaze they need glasses with lateral asymmetry
to allow an easy overview of forward panel, side panel, center console and overhead panel. The upper pert
of the lens needs therefore an additional reading part and preferahly a certain lateral asymmetry. This
decentration keeps the distant part relatively unaffected. Control of the forward panel and of the center
console requires also a midrange part with a lateral asymwmtry becoming wider towards the right side for
the pilot. This leaves enough space for a well centered raading part for the charts (fig. 2).

Fic. 2: Schematic drawing: Cockpit seen througn special glasses with lateral asy-metry

One hms to consider that the glasses for the copilot shoild show the inverse asymmetry. It is of course
nsceesrry to fit those glasses in accordance with the seat position and the eye indicator, or follow: ng
the glare shield for the distance part (BACKMAN G SMITH, 1975).

This design is superior to using a special bifocal with a flip down attachment for overhead panel vision
(HARPER & KUEPRA, 1968). The use of progressive glasses, as recently recommended (BYREN, 1984) may cause
problems because of the distortion of the image looking sideway.

In asameary we recommend to corrct presbyopic pilots very early with bi- or trifocal lenses, preferably
of the executive type, for optimal performance and tri avoid discomfort, asthenopic problems and possible
hazards. We recommend for the modern commercial aircraft cockpit special tri- or quadrifocal lenses with
lateral asymmetry according to the specific requirements (fig. 3).

SSpecial glasses for the presbyopic pilot of a commercial airliner

The further development of design of such highly specialized occupational environment should be based
on human abilities and limitations. The optical demands should be considered from the very beginning. f
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Fig~ures:

Schumuatic drawing: C~ockpit anid correction areas (A 310)

2. Schematic drawing: Cockpit seen throug~h special glasses with
lateral "ymmetr-y
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Fig. 3. Special glasses for the presbyopic pilot of a coumercial. airliner
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CONTACT LENSES FOR PILOTS AND AIFCREW
IN THE SEhVICFS

GROUP CAPTAIN J K CLOHERTY, CONSULTANT ADVISER
IN OPHTHALMOLOGY TO THE ROYAL AIR FORCE,

RAF KELVIN HOUSE, CLEVELAND ST, LONDON Wl UK

SUMMARY

After working for five years in the Contact Lens Department of Moorfields Eye
Hospital in London and after fitting and monitoring forty volunteers in the RAF Aircrew
Soft Contact Lens Trial (ASCL Trial), it is the opinion of the author that High Water
Content Soft Contact Lenses, or Silicone Lenses, used as Extended Wear Lenses, are the
only contact lenses which are suitable in an Aircrew Service Environment. The fitting
and monitoring of such lenses must be carried out by experts in the field of contact
lenses.

Hard Contact Lenses are a potential serious hazard in the Aircrew Service Environ-
ment.

Not all aircrew members, requiring glasses to obtain best visual acuity, will be
suitable for using such contact lenses and these persons must continue to wear glasses
when flying.

ASCL Trial Aircrew Soft Contact Lens Trial
Dk Oxygen transmissability factor

(cm 2/sec) (mls 0 2 /ml X mm Hg) at 210C or 35° C
PMMA = Poly Methyl Methacrylate
VA = Visual Acuity
CL = Contact Lens
W/T = Wearing Time
FB = Foreign Body
QRA = Quick Readiness Alert
CFS = Corrected Flying Spectacles
AR5 = Aircrew Respirator NBC No 5 Mk 2

INTRODUCTION

Since around 1950 Contact Lenses have become an accepted optical aid in the functional
replacement of spectacles.

Out of a population of 218 million in the USA, 115 million wear spectacles. Of this
number 12 million (13.8%) were wearing Contact Lenses in 1981.1

An estimated 20% annual increase in Contact Lens wearers was expected by the large
contact lens manufacturers in the USA in 1981.1

Not unnaturally aviators, who have to wear corrected flying spectacles when flying,
are very keen to emulate their fellow citizens and wear Contact Lens3s in place of
spectacles when flying.

What should the attitude of the medical adviser be in this context?

Contact Lenses Available

Tne Scleral or Haptic Contact Lens covers the anterior surface of the globe. It is
large, uncomfortable, gives a variable visual acuity and air bubbles beneath the lens are
common place.

It is entirely unsuitable for aircrew.

Such lenses, though, have a valuable role to play in ocular therapy

The Micro-Corneal Hard Contact Lens

Such a lens is composed of PMMA material or an Oxygen Permeable Polymer mixture.
The majority of such lenses have an overall diamcter of 8 to 10 imns and rest on a thin
tear film (see Figure 1). A well fitted lens can move 3 to 4 mms on blinking without any
loss of VA or discomfort to the patient. Such lenses are Daily Wear Lenses and cannot be
worn for longer than 17 hours without the patient developing blurred vision and a painful
red eye due to Hypoxia of the Cornea.

The Dk factor for the PMMA lens is zero

The Dk factor for an Oxygen permeable hard lens varies from 3 to 6 x 10- 1 1
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The 38% Water Content Soft Contact Lens

The majority of Soft Contact Lenses on the market are of this type. Such lenses are
Oxygen Permeable having a Dk factor of 9 - 11 X 10 - 1. The diameter is 12.5 to 13.5 nms.
The lenses are comfortable and in suitable cases give good visual acuity. The lens
movement of a well fitted lens, on blinking, is 1 - 2 mms. There is a very thin tear film
layer beneath the lens (Figure 2). Such lenses are daily wear lenses and should not be
worn longer than 17 hours or the patient will develop symptoms and signs of Corneal
Hypoxia (viz above).

The High Water Content Soft Contact Lenses

These lenses have a high water content (70 - 80% H2 0) which give them a high Dk
factor, eg Scanlens 75, 40 x 10-11 3. The diameter is 13.5 to 14.5 mms. The lenses are
comfortable, stable and in suitable cases give good visual acuity. The lens movement in
a well fitted lens, on blinking is 1 - 2 mms. There is a very thin tear film layer
beneath the lens (figure 2).

Such lenses can be worn constantly for weeks to months in suitable cases.

Silicone Lenses

These lenses contain no water but have the highest Dk factor, eg for Silicone
Polycarbonate Co-Polymer 160 x 10-11 4. The other properties of such lenses are as for
the High Water Soft Contact Lenses above. Initially such lenses gave problems because
of the silicone material being hydrophobic, and such a lens cf pure silicone would have
a zero wetting facility and therefore did not permit a pre-lens tear film to form.
Therefore, the surface is specially treated to make the material hydrophlilic.

THE DISADVANTAGES OF SPECTACLES WHEN FLYING IN SERVICE AIRCRAFT

(a) Limitation of field

(b) Glare/reflections

(c) Extra optical impediment to visual acuity

(d) Movement on oxygen mask

(e) Problem of integration with other optical aids

(f) Misting

(g) Lenses can flip out

(h) Lens very close to the eye under the AR5 respirator

THE CONTACT LENSES WHICH CAN BE A HAZARD TO SERVICE AVIATORS

(a) All Hard Contact Lenses whether made front PMMA or Oxygen Permeable Polymers, rest
on a thin tear film on the surface of the Cornea.

A well fitted hard contact lens is expected to be mobile on the cornea. With each
blink of the lids the tear film is pushed out from beneath the lens and the lens moves.
On opening the lids fresh tear fluid moves back under the lens and the lens returns to a
central position on the cornea again.

This exchange of tear fluid and lens mobility on the tear film is normal for a well
fitted hard contact lens.

However, it also means, as any wearer of hard contact lenses or CL Practitioner will
tell you, that sudden whole body movement, eg playing Squash or landing heavily on the

1 feet, can result in one or both lenses becoming dislodged and/or falling out of the eye.
For the civilian CL wearer this entails stopping the activity which was the cause, and

T- moving the lens or lenses back into position, or searching the floor for the CL which has
fallen out.

For the Aviator such a situation is far more serious.

If the hard CL falls out due to vibration or sudden G, he then has a hard FB loose
in the cockpit.

He will have lost vision whether the lens has come out or become dislodged and still
within the lids. Even if only one lens has dislodged the reflex tearing in the fellow
eye will hinder good vision. All this will be happening at a time when the 'Jolt' that
caused the problem needs the aviator's full attention and skill - but he is distracted
by his eye problem and cannot see to solve the difficulty cr take remedial action. This

is a major Hazard Situation where the aviator, his passengers, his plane, and any aircraft
in the immediate vicinity could be at serious risk.

N, ~ -*~



15-3

A hard contact lens has a limited wearing time of 'all day'. Overwear results in
Corneal Hypoxia with Corneal oedema (blurred vision) and a painful red eye. These
symptoms and signs can d~.elop quite quickly if the 17 hours (all day) W/T is exceeded.
The same applies to the Oxygen Permeable Hard Contact Lenses. There are newer 02
Permeable Hard Contact Lens Polymers coming on to the market where the manufacturers-
claim they can be used as Extended Wear Lenses. These lenses are still being assessed
and their true value will need at least a 3 year follow-up.

For the Service Aviator, and I would suggest all Aviators, Hard Contact Lenses
'should NOT be used because of:-

(1) The possibility of the loss of the lens or dislodgement of the lens.

(2) The possibility of Overwear which often cannot be avoided due to Service
duties. For example, 'Long Haul Flights with Re-Fuelling in Flight', and Diversions
from the Base Airfield at the'end of a Sortie.

(3) The possibility of a Foreign Body becoming lodged under the Hard Contact Lens.
Th:s can cause icute discomfort with reflex tearing in the fellow eye, resulting in
reduced VA and distraction from the primary flying role.

(b) All Soft Contact Lenses of Around 38% Water Content

These are Daily Wear Soft Contact Lenses. Such Lenses form the majority of Soft
Contact Lenses on the market today. These lenses are comfortable to wear and 'cling' to
the eye due to the contour and shape of the lens fit with a minimum tear film beneath the
lens. These lenses are stable on the eye and it is rare for a FB to lodge beneath the
lens because of the fitting characteristics. A FB beneath such a Soft CL is almost
invariably due to the FB getting on the inner surface of the lens at insertion.

When a FB does exist under a Soft CL the wearer is conscious of it but it is far
less distressing then the FB under a hard CL (Figure 3).

Tnese lenses are not considered suitable for Service Aviators because their W/T is
limited to 'all day' or 17 hours. Overwear will result in Hypoxia of the Cornea with
blurred vision and a red painful eye.

In the Service environment the Aviator cannot be guaranteed access to his cleaning
materials and to being able to remove his lenses within 17 hours.

Examples are:-

(1) Long Haul Flights with Re-Fuelling in Mid-Air and

(2) Diversions from Home Base at the end of a Sortie and

(3) Aviator fully kitted on QRA who then becomes airborne.

THE CONTACT LENSES WHICH HAVE A ROLE FOR SERVICE AVIATORS IN THE FUTURE

One of the lenses used in the ASCL Trial in the RAF was a Aigh Water Content Soft
Contact Lens - the Scanlens 75 Lens. In the trial it was compared with a 50% Water
Content Lens - the Snoflex 50 lens. The latter lens was not suitable because of its
limited W/T, ie not longer than 48 hours and most volunteers could only use it as a
daily wear lens.

Both lenses proved eminently satisfactory in the environmental tests carried out by

Dr Brennan at the RAF Institute of Aviation Mecicine, Farnborough.

The following environs were tested:-

Hypoxia

Rapid Decompression

Pressure Breathing -4*'

Vibration

Acceleration

Climatic

Aircrew Respirator NBC No 5 Mk 2

The subjects were exposed to the most extreme adverse environmental conditions
considered likely to be encountered by military aircrew in flight.

Seventeen volunteers attended the RAF Institute of Aviation Medicine for all or
part of the environmental schedule.
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In all instances the visual performance of aircrew wearing the soft contact lenses
being used in the ASCL Trial did not differ from their performance when wearing CFS, and
was not degraded by any of the environmental stresses.

The visual performance of subjects wearing Scanlens 75 (8 subjects) did not differ
significantly from those wearing Snoflex 50 (9 subjects).

As mentioned above the Snoflex 50 lens was only tolerated as a daily wear lens. The
Scanlens 75 lens is now being used as an extended wear lens, ie Wearing Time 14 - 28 days
(continuous wear) and out for 24 - 48 hours. When the lenses are left out and the volunteer
uses his glasses there is no drop in visual acuity on returning to the use of glasses.
This is most important when comparing such lenses with hard contact lenses - where
'spectacle blur' can remain for days/weeks when the patient goes from wearing hard lensesto spectacles. This is yet another reason why aviators in general should not be allowed

to fly wearing hard contact lenses. If he has to remove his bard contact lenses for any
reason and puts on specatcles he will have 'blurred vision'. All the volunteers were
started on a daily wear basis. This was to ensure they developed confidence in lens
handling and maintenance. Not all of the volunteers accepted this and 14 gave up because
of the tedium of lens care (as Daily Wear Lenses).

In the course of the clinical assessment we measured Tear Flow (Schirmer's Test),
the osmolality of the Tear Fluid and the Na/K Ratio in the Tears, on all the volunteers
before and after issuing them with contact lenses. The Na/K ratio was measured by
Dr A Winder and Dr Gass at the Institute of Ophthalmology in London.

Tt was hoped that a retrospective study of the results might enable us in the future
to elicit those persons who would be unsuitable for using extended wear soft contact
lenses, prior to fitting. Tables 1 to 3 compare the results for the Scanlens 75 lens.
The only significant finding was that those with a poor tear production, though completely
symptom free, were not able to wear their high water content soft contact lenses as
extended wear lenses. There were 4 such cases.

The Scanlens 75 lens was found to be suitable for use as an extended wear soft
contact lens.

Remaining in the trial we have 18 volunteers. These are using the lenses as extended
wear lenses - worn continually for 14 - 28 days at a time. Of these volunteers two
(doctors) are using the Lunell Soft Contact Lens as a trial of a different High Water
Content Soft Lens. One (doctor) is working in the Decompression Chamber at IAM and
being continually exposed to the stresses of the Decompression Chamber with no adverse
effects. One (doctor) is in charge of the Centrifuge Unit at IAM and has himself been
regularly conducting tests (unrelated to the ASCL Trial) in the gondola of the centrifuge
under high G with no adverse effects as far as his Scanlens 75 Soft Contact Lenses are
concerned. One (pilot) has had a cataract removed and wears a Scanlens 75 lens as an
extended wear lens with no adverse effects when flying a Jet Provost and pulling 4 - 5 G.

All volunteers who are using the Scanlens 75 like using these lenses because of
the good VA, the much improved field for flying and viewing instruments, and the
stability of the lens on the eye.

Other High Water Content Soft Contact Lenses may well be suitable, but we have no
experience of them.

Likewise,Silicone Soft Contact Lenses are also expected to be suitable in a Service
Aircrew environment.

WHAT PROBLEMS MAY BE ENCOUNTERED WITH THE IDEAL SOFT CONTACT LENS FOR A SERVICE AVIATOR,
AND HOW MAY THEY BE PREVENTED

(a) As with all persons being fitted with a high water content soft lens, not all are
capable of handling such soft delicate lenses (inserting, removing and cleaning). They
do not have the temperament or the patience or they are unwilling to follow the strict
hygienic requirements necessary and do not follow the instructions given in the care and
maintenance of their lenses. Such persons can only be eliminated after a reasonable trial

__period.

These cases are 'failure to handle and maintain' and must return to using spectacles
when flying.

(b) Having successfully fitted a subject who is handling and caring for his lenses
correctly, the following conditions must be guarded against at regular reviews by an
ophthalmologist or experienced ophthalmic optician with access to a Contact Lens
ophthalmologist:-

(1) Viral Superficial Punctate Veratitis

The subject will usually complain of slight discomfort and there is usually
mild ciliary infection around the limbus. See Figure 4. Contact Lenses must be
stopped and appropriate therapy instituted. It is most important that Contact Lenses
are not used again until the Corneal Epithelium has completely healed. This can take
a considerable time.
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(•) Early Vascularization of the Cornea

Subject can be symptom free and the eye can appear white and quiet. Figure 5.

This is evidence of Hypoxia of the Cornea. The subject may be over-wearing
his lenses, ie wearing for longer periods than instructed,eg 3 months continuous
wear instead of one month.

This can be remedied by removing the lenses until the Corneae are clear and
then re-checking the lens fitting and reducing the W/T to 1 week at a time. This
time can be slowly increased while watching the Cornea carefully.

(3) Keratitis or Grey Infiltrate in Cornea

Subject will usually complain of a slight discomfort in the affected eye. All
subjects are repeatedly instructed that, if they have any discomfort or redness,
they are to report to the Ophthalmologist i/c within 24 hours. Figure 6 illustrates
the typical appearance. One case on the ASCL Trial developed a Corneal Abscess and
had to have a corneal graft. He had repeatedly overworn his lenses and he did not
report immediately to the ophthalmologist i/c on developing symptums. The lens
wear is stopped and the subject is admitted to hospital for intensive therapy. When
the condition has cleared the subject returns to his Contact Lens wear, but the
exterlded -ear time is reduced to 1 w.ek and built up slowly again.

(4) Giant Papillary Conjunctivitis

The subject will complain of discomfort, itchiness, and red eyes, and the
lens sometimes moves on blinking.

This is due to a sensitivity reaction to the solutions being used to clean the
lens (I describe this as small Pap Conjunctivitis) or to the lens polymer itself.
The Conjunctiva shows an uneven surface of large papillae. In the early stages
they are best seen in the Sub-Tarsal Conjunctiva.

Lens wear must cease and the subject must not return to using his contact
lenses until the conjunctiva has returned to a normal flat smooth surface. This may
take many months. This is frustrating for the subject because his eyes feel
normal. On returning to the use of lenses - a different cleaning regime may be
necessary Fnd different type of lens may be adviseable.

(5) Deposits on the Anterior Surface of the Lens

Subject symptom free. Such deposits are due to an accumulation of Protein,
lipids, and cell debris. It ts a sign of a poor cleaning technique or infrequent
adequate cleaning, or the biochemical content of the wearer's Tear Fluid. The
latter requires further investigation. When such deposits occur the lens should be
discarded and replaced with a new lens. SEE FIGURE 7.

(6) Split or Tear in Lens - Usually at the edge

Subject symptom free. Split or tear can extend and may then entrap the
conjunctiva and cause discomfort.

Replace the offending lens with a new lens.

(c) Planned Mý.nagement and Follow Up for the Ideal Soft Contact Lens as Extended Wear
Lens in an Aviation Environment

All st'ch subjects must be under the direct care and supervision of an Ophthalmologist
who has considerable experience of Contact Lens cases. Ideally he should have as an

assistant an ophthalmic optician, who is also experienced in Contact Lens work.

(1) The subject has a full ophthalmic examination to exclude any previously non-
recognised ophthalmic pathology, Any Astigmatism is noted. In our experience a
Cylinder of more than 1 Dioptre is not suitable for the S75 lens if best VA is to
be achieved. Included in this examination is the Schirmer Test.

In the ASCL Trial 4 subjects had repeatedly very low Schirmer readings,
although their eyes were o'therwise healthy and they were symptom free. These
volunteers, as expected, were not able to tolerate their soft lenses for longer
than 10 hours.

The subltct is fitted with the selected Soft Contact Lenses and the appropriate
lenses are ordered.

(2) The lenses are issued and the subject receives detailed written instructions
on care and maintenance and to report within 24 hours if he has any problems.

The lenses are issued as daily wear lenses in the first instance in order
that the subject may quickly learn to handle and care for his lenses.
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(3) He is reviewed in 2 weeks. If all is well he then utes the lenses for 1week at a time as continuous wear, and leaves the lenses out for 48 hours
(returning to glasoes).

(4) He is reviewed in 1 monta, If all is well he wears his lenses for 2 weeksat a time, out 48 hours, and he is reviewed in 3 months. He is 1h-mof~o. .,~'".'-.every 3 months or immediately if any problem arises (no matter how small or
insignificant it may seem to the subject).

CONCLU1SION

it is possible to fit Aviatsrs with an ideal Soft Contact Lens as an Extended WearS, Lens but the fitting, the managment and the after care supervisior, mast be planned withgreat care and the fitters, &.d ophthalmologists involved, must De experts in the field
with a detailed knowledge of the aviator's role, in the aircraft ýd on the ground.

I would suggest a unified approach tu the problem of 'Contact Lenses and Air-rew'(Service and Civilian) is required if we are to avoid unnecessary hazards to men,
machines and civilians in the future.

We must always remember that 80% of Flight Information is 'Visually Acquired'
(Agard 1978).
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TLT CONTACT LENS
.,,.rBACK SURFACE

FONT SURFACE

EC = EDGE CLEARANCE

VAuZuS CA RAG FROMs 0.060 TO 0.100 aim (Rteference 5)

FIGURE 1

SOFT CONTACT LENS.....I.... BACK SURFACE
LIMBUS LIMBUS

TLT = TEAR LAYER THICKNESS

VALUES CAN RANGE FROM 0.005 TO 0.015 mm

FIGURE 2
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( CAPILLARIES
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FIGURE 5
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FIGURE 7
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Na/K RATIO SCANLENS 75

BEFORE 1000 2200

RIGHT EYE MEDIAN 8.43 9.02 8.48

LEFT EYE MEDIAN 9.5 9.4 8.79

BOTH MEDIAN 8.96 9.19 8.64

SIGNIFICANCE TEST WILCOXON P
PAIRED T STATISTIC

RIGHT EYE BEFORE - 1000 P > 0.05
BEFORE - 2200 P • 0.05

LEFT EYE BEFORE - 1000 P > 0.05
BEFORE- 2200 P > 0.05

BOTH BEFORE - 1000 P > 0.05
BEFORE - 2200 P > 0.05

TABLE 1 Na/K RATION IN TEAR FLUID SAMPLES

READINGS BEFORE LENSES INSERTED

READINGS LENSES BEING WORN A-' 1000 Hrs

READINGS LENSES BEING WORN AT 2200 Hrs

-= 396 SAMPLES

S ' -.
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SCHIRMER SCANLENS 75

BEFORE 1000 2200

RIGHT E"E MEDIAN 20 22 16.5

LEFT EYE MEDIAN 19 19 14.5

BOTH MEDIAN 19.5 21.5 ,5.0

SIGNIFICANCE TEST WILCOXON -

PAIIED T SiArISTIC

RIGHT EYE BEFORE -1000 i0.06
BEFORE - 2200 P > 0.0*

LEFT EYE BEFORE - 1000 P > 0.05Ž
DEFORE - 2200 P > 0.05

BOTH BEFORE 1000 P , 0.05
8EFORE - 2200 P > 0.05

TABLE • SCHIRMER STRIP READINGS OF TEAR PRODUCTION

READINGD BEFORE LENSES INSERTED

READINGS LENSES BEING WORN AT 1000 Hrs

-i READINGS LENSES BEING WORN AT 2200 Hrs

396 SAMPLES

h ý

- - ;,•; K- 2I ! : ' i•• 1 •' 'I .•" 1*i••I I'a"l'

:- '4' -1
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OSMOLALITY SCANLENS 75

BEFORE 1000 2200

RIGHT EYE MFDIAN 326 342 332

LEFT EYE MEDIAN 332 353 341

BOTH MEDIAN 329 347 338

SIGNIFICANCE TEST WILCOXON P
nAIRED T STATISTIC

RIGHT EYE BEFORE - 1000 P > 0.05
BEFORE - 2200 P > 0.05

LEFT EYE BEFORE - 1000 P > 0.05
BEFORE - 2200 P > 0.05

BOTH BEFORE - 1000 P > 0.05
BEFORE - 2200 P > 0.05

TABLE 3 OSMOLALTIY OF TEAR FLUIDI
READINGS BEFORE LENSES INSERTED

READINGS LENSES BEING WORI. AT !J00 Hrs

RFADINGS LENSES BEING WORN AT 2200 Hrs

305 SAMPLES

I
-t , L_

/e" - ..•• - '. a l • • . .... • - •.. . ° . . .
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DYNAMIC BEHAVIOUR OF SPHERICAL AND ASPHERICAL CONTACT LENSES EXPOSED TO +Gz-ACCELERATION
FORCES

Dr.H.Punt, ophthalmologist and A.C.H. van den Heuvel M.D.
National Aerospace MIi.dical Centre
Kampweg 3, Soesterberg, Netherlands.
Co). H.H.van den Biggelaar M.D. and Lt.Col. G.J.Hoekstra, Royal Netherlands Air Force;
Aviation Medicine. Divisio'.
A.J.P. Rouwen M.D., Netherlands Army Military Hospital

I,

ZUMMARY

A study has beon made of the behaviour of two types of nard contact lenses fitted to a
young myopic pilot and exposed to +Gz-acceleration forces. We were particularly
interested to find out tho degree of dislocation of the hard lenses and to detect
pathological phenomena of the cornea under increasing +Gz-forces. The two types of the
evaluated contact lenses are:
- a conventional spherical polymethylmethacrylate (PMMA) lens
- an aspherial gas-permeable lens (Sil.-02-Flex)
In the human centrifuge of the National Aerospace Medical Centre at Soesterberg, the
testperson was exposed to +Gz-forces increasing from +1 to +9 Gz. In the gondola a
videotelecamera was focussed at the head of the testperson during the total testsession.
it could be concluded the aspherical gas-permeable contact lenses maintained an optimal
centration under all circumstances. The conventional hard contact lenses (PMMA) with a
spherical base curve and a smaller diameter showed downward decentration under
increasing +Gz-loads from +6 Gz to a peak value of 8,6 Gz. However, the dislocation
never caused the contact lens to leave the cornea. The results of this study are
discussed in relation to practical consequences for pilots flying high performance
aircraft.

INTRODUCTION

Research of the use of hard contact lenses in jet-aircrafts has already been started in
the forties. Initially, this research was focussed on studies on scleral lenses. The
limited wearing time was considered as an important contraindication for use in the air
force (DUGUET a.o., BURKI)
Although the corneal perspex lenses, which were designed in the fifties, realised much
more wearing comfort and permitted a longer wearing period, they were not generally
accepted as useful for pilots. This opinion had mainly been based on the phenomenon of
gas bubble formation behind the lens at high altitude, which would interfere with visual
acuity (PERDRIEL). Only incidentally positive case reports were mentioned of hard
contact lenses worn by jet pilots (de VRIES, HOOGERHEIDE).
The cautious attitude towards the use of hard contact lenses by fighter-pilots seems to
exist also in modern times. This attitude is mainly based on the properties of the small
PMMA corneal lenses (FORGIE):
- spectacle blur
- irritation by foreign bodies behind the contact lens and the chance of corneal

abrasion
- possible loss of the contact lens during flight.
Some case reports on hard contact lens worn by fighter-pilots seem to confirm these
disadvantages (NILSSON, RENGSDORFF).
Since the introduction of the soft lenses, s Jdies were concentrated on the application
possibilities of such lenses in the air force. Experiments of TREDICI (personal
information) and FORGIE on the behaviour of soft lenses, exposed to +Gz-acceleration
with a peak value of +6 Gz showed a downward displacement of the lens , which was in no
case great enough to interfere with optical correction.
The recent development of the so called "extended wear" soft lenses, which can be worn
for weeks continuously, seems also to increase the possibilities for use by the air
force (NILSSON and RENGSDORFF).
However, there is an important disadvantage, introduced by the softlens: it does not
give sufficient optical correction in case of corneal astigmatism. The use of toric soft
lenses does not offer a good alternative in extreme circumstances, because of the
visual instability of this type of lens. In addition, some investigators have reported
problems with soft contact lenses, exposed to a low relative humidity in the cockpit
(ENG e.a.).
Recent developments in the field of hard contact lenses concerning design as well as
material proved to be of great value (ROUWEN e.a.). During the last 2 years we have
suecesbfully experimented -. aith the fitting of aspherical Sil-02-Flex lenses in the
Netherlands Army and Air Force.
A request by RNLAF medical authorities to assist in evaluation of a fighter-pilot,
wearing contaot lenses enabled us to perform a comparitive study on dynamic behaviour ofcorey.intional spherical PMNA and aspherical Sil-02-Flex contact lenses exposed to +Gz-

acceleration forces.
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TESTPERSON

A 36-year-old myopic Royal Netherlands Air Force (RNLAF) fighter-pilot with 2000 flying-
hours in the NF5, was considered for the F-16 conversion. In the past this pilot has
received a waiver for flying with contact lenses and had been flying with hard PMMA
lenses without problems. RNLAF medical authorities were reluctant to waiver this pilot
for flying the F-16 (a "high sustained G'" aircraft). It was desired by the RNLAF
Aviation Medicine Division that Gz trials in the human centrifuge had to be executed in
order to assume that no displacement of the lenses would occur in a high Gz environment
to such a degree that vision impairment would result.

Results of opthalmological examination:
Adnexa, media and fundus were normal.
VOD: S-1,00 : 1,25
VOS: S-4,00 = C-0,5 x 120: 1,2
Cornea:
OD: Rol: 7.62 m.m. Excentricity Mean: 0.7 RS ternp: 7.8 m.m.

Ro2: 7.60 m.m. Hor : 0.74 RS nas.: 8.3 m.m.
V.I.D.: Vert: 0.56 RS inf.: 7.7 m.m.

Hor : 11.4 m.m. RS sup.: 8.0 n.m.
Vert: 10.3 m.m.

OS: Rol: 7.54 m.m. Excentricity Mean: 0.88 RS temp: 8.2 m.m.
Ro2: 7.44 m.m. Hor : 1.0 RS nas.: 8.4 m.m.

V.I.D.: Vert: 0.5 RS inf.: 7.5 m.m.
Hor : 11.3 m.m. RS sup.: 8.1 m.m.
Vert: 10.5 m.m.

MATERIAL AND METHOD

1. Human centrifuge.
For evaluation the human centrifuge of the National Aerospace Medical Centre has been
used. There is a possibility to expose the testperson up to +Gz-acceleration forces of
more than + 10 Gz. All simulated profiles are fully computer controlled. Video-tape
recording made it possible to study the effects of the acceleration forces on the
contact lens. A monitor directly in front of the pilot showed an outside world picture
with horizon and fixation cross. Via a computer a simulated target cross can be fed in.
By tracking this target the pilot "flies" a pre-set profile.

2. Contact lenses.
a. one pair of conventional PMMA contact lenses.

Each lens was marked with 4 triangular white dots to facilitate determination of
lens position.
The posterior surface of this non-gaspermeable lens has been constructed with the
aid of 3 lath cut curves: the base curve (BCR) and 2 peripheral curves.
"The peripheral flattening is necessary because the cornea possesses a central
spherical area of about 4 mm and outside a gradually flattening transition
(Excentricity E), more or less abruptly ended in the sclera.
Problems arise from the fact the flattening of the contact lens often has been
standardized despite a great individual variation of the cornea curvature (cf.
difference of excentricity ODS: OD: 0.7; 05: 0.88). In addition, at a large
lensdiameter the discongruention between peripheral corneal curve and contact lens
will be more significant. In fittings like these the consequences are:
less wear comfort, bad circulation of tears behind contact lens, which causes 02-
deficiency of the corneal epithelium.
Specifications of the lenses:
OD: BCR 7.70 mm OS: BCR 7.60 mm
lensdiameter 9.0 mm lensdiameter 9.2 mm
spherical lenspower -1.00 D spherical lenspower -2.25 mm D
"central thickness 0.22 mm central thickness 0.2 mmS.. visual acuity 1.25 visual acuity 0.9 ,•

b. two pairs of aspherical Sil-02-Flex contact lenses.
One pair had been marked with 4 triangular white dots.
"This siloxanyl co-polymer with high 02-permeability has a base curvature with an
elliptic curve from centre to lensedge. The elliptic design approaches the anatomical
curvatures of the cornea.
The consequences of the aspherical design are:

'4- a parallel tear-lens results in a better circulation and 02 delivery. Besides there
will be a maximum of cohesive power, which aids centration of the lens

- absence of pressure areas will induce less spectacle blur
_ - absence of peripheral curves results in a large effective optical zone (nearly

the total lensdiameter). So also in case of lens movements the possibility of
lens-edge flare is minimal• li- he elliptic base curve in combination with the high degree of 02- permeability

permits fitting of a large lensdiameter, which results in more stability of the• lens.
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Specifiuations of the lenses:
OD: BCR 7.60 mm OS: BCR 7.65 mm
lensdiameter 9.8 mm lensdiameter 9.8 mm
spherical lenspower -1.00 D spherical lenspower -3.5 D
Excentricity 0.6 mm excentricity 0.7 mm
central thickness 0.21 mm central thickness 0.15 mm
visual acuity 1.25 visual acuity 1.25

3. Protocol.
4 flight profile:3 were made with the aspherical contact lenses, while 2 profiles were
performed with the conventional PMMA lenses. The recoried, magnified videopictures were
observed afterwards. The horizontal and vertical deviations were measured in
millimeters, using the bounderies of the iris as a reference. The measurements were
corrected to the real value. The position of both lenses at +IG was used a% a zero value
for subsequent measurements. The measuring error cf this method was calculated as 0.2
mm. As control the behaviouir of both contact lens types were reccrded at + lGz.
- profile 1 and 4 were gradual onset-profiles with + 1Gz increase per 10 reconds to a

Gz-level at which the pilot experienced peripheral light loss. Both pofiles were
computer controlled. Profile 1 was carried out with the aspherical co,,tact lenses
and profile 4 with the conventional type. A +Gz value of 8.6 Gz was reacheJ during
both profiles.

- profile 2 was a pilot controlled one with a peak of + 6 Gz for 30 seconds. The
aspherical contact lenses were used. Exposed to + 6 Gz loading, extreme horizontal
gaze movements were made for a period of 30 seconds. The horizontal and vertical
decentration was measured respectively in extreme ab- and adduction.

- prof!]e 3 and 5 were similar except that the computer controlled the steering. During
profile 3 the aspherical contact lenses were worn and during profile 5 the
conventional ones. The maximum + Gz level was reached at + 6 Gz. As in profile 2
horizontal gaze movements were made at a + 6 Gz level during one minute.

was flown with high onset rete of +3,5 Gz per second to +8.5 and +9 Gz-peaks. The
aspherical unmarked contact lenses were worn.

Before and after each profile visual acuity, refraction and keratometry were determined.
Splitlemp examination was performed with help of installation of fluorescein. The
fluorescein fitting pattern of the lens was photographed.

RESULTS

With increasing + Gz-forces a pcosis was observed. This pnenomenon was more significant
in the left eye. Sometimes the left eye was nearly closed and the testperson seemed to
use only his right eye as reference. This caused some measurement difficulties by the

observers.
Examination of the conventional PMMA lenses:
- In profile 4 it was observed that the lenses were displaced downward starting at a

level of +6 Gz and moving down with increasing + Gz until a maximum displacement of
4.5 mm at the peak value of 8.6 + 3iz (graph. 1). A significant relation between
horizontal deviation and increasing + Gz-forces was not found. In general the
deviations of the lenses were instable, jerky and strongly influenced by blinking
action and facial tensing.

- During peak + Gz-loading profile 5 showed downward movements with a maximum of 4.5
mm at extreme abduction and adduction [Graph 1). It was further observed that the
lens of the right eye nearly slipped from the cornea to lateral at a gaze movement
to the right. Through blinking action the lens returned to the cornea.

Examination of the aspherical Sil-02-Flex cortact lenses:
* - During profile 1,2 ans 3 lenses maintained a good centration under all circumstances.

There vas not a significant relation bet-ween displacements of the lenses and
increasing +Gz, right up to the extreme horizontal gaze movements (Graph. 2.). The
movements of the lenses were hardly influenced by blinking and facial tensing.

A,
H 5

I r I II I ' 1 " I III I ' I f I 4
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Graph. 1.
BEHAVIOUR OF PMMA LENSES EXPOSED TO +Gz.
Profile 4: a signlficant downward movement of the lenses ODS, starting with +6 Gz and
increasing until a maximum of 4.5 mm at the peak of +8.6 Gz.
Profile 5: vertical displacements of the lenses ODS without a significant relation to
increasing +Gz up to +6 Gz.
Downward displacements of the lenses, varying from 1/4 mm until 4.5 mm at extreme
adduction and abduction at a level of +6 Gz (ODS I)

Graph.2.
BEHAVIOUR OF SIL-O2-FLEY CONTACT LENSES EXPOSED TO +Gz.
Vertical displacemen.s of the contact lenses ODS: no significant relation to increasing
+Gz up to +8.6 Gz (profile 1). up to +6.0 Gz (profile 2 and 3). Also under +Gz-loading
of +6.0 Gz the lertical deviations are within the normal range at extreme abduction and
adduction (proftie 2 and 3: ODS I)

DISCUSSION

1. Although stringent vision criteria exist for the c3ndidate pilot it is very well
possible that a minor myopia will develop after some years. In that case the
aircrewmember has to be waivered for flying with correction spectacles. Most aircrew-
spectacle, although correcting the visual acuity do possess some dis.dvantages:
a. the spectacle-frame may interfere with operational or nersonal-safety equipment

(i.e. light weight visor, oxygen mask, NBC protective mask, nuclear flash goggles
or night vision equipment).

b. some spectacle-frames displace during high +Gz-loads. Observations during
centrifuge training show a specific type frame to slip up or down at +Gz- loads
over +5 Gz.

c. During night- and instrument flying the reflection of the many optic systems in a
modern fighter-aircraft may create a descrientation hazard when the pilot is

"j -2 wiaring glasses, even whmi these glasses are provided with an anti-glare coating
d. Zh&nging temperatures and airflow directions in the cockpit may blur the glasses

due to condensation of water vapour.
Most of the above-mentioned disadvantages can be cveraome by the use of well fitted
contact lenses. The chance however of decentration or inadvertent loss must be
minimal.

'. This study shows that there is no signifient decentration of hard lenses durtng
increasing + Gz-forces up to about +5 tc -6 Gz. This corresponds w~th the experience
cf our testperson, who did not have any visual problem with his hard lenses flying
"the NF5-aircraft. Also Oraeger, who tested the behaviour of hard lenses in the human
centrifuge up to a peak of +3 Gz, came to the same conclusion.
However, exposed to increasing + Gz-values above +6 C- conventional PMMA lenses were
decent.,ating in such a degree that vision became jeopardized. During horizontal gaze
movewents there was a tendency of total lens slippaze. Even if the lens is not lost
during a +Gz-induced decentration, the small optical zone of the PMMA lens may easily
caused flare. Particularly during night flights, when the pupils are wide, there is a

higher risk of glare problems. In this expetiiment the asphprical lens proved '.o have L
great advantages. Its larger diameter and optical zone takes care of a better
centration and a unobstructed vision. It reduces a130 the possibility of glare. This
subpalpebrally fitted lens, with a small edge lift, reduces the risk of loss and
foreign bodies behind the lens.

I I0I 1 1 I ' I I - ' I I
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CONCLUSIONS

1. Conventional PMMA contact lenses do not create problems when exposed to +Gz forces,
not exceeding values of +5 Gz.

2. The stability of aspherical Sil-02-Flex contact lenses proved to be far superior to
the conventional PMMA lenses under Gz-loads above +5 Gz.

3. The difference between the behaviour of contact lenses may be manifest under extreme
circumstances. Therefore all jet-fighter pilots considered for a waiver for flying
with hard contact lenses should only be waivered for the use of the aspherical lens
type after individual evalutation in the human centrifuge.
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E.ffects of Broad-banded Eye Protection on Dark Adaptation
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SUMPARY

Modern combat scenarios require soldiers to perform military
tasks under night time conditlons. While image ennancement devices
are vital to such military performince, unimpaired human night vision
retinal aechanisms are essential for performance success. Proteotion
of the human biological sensor is of utmost importance. In this
irvestigation we have reexanined earlier findingi indicating that
sun~lassea could prevent deleterious effects of bright light on dark
adaptation. We found thit the use of broad-band attenuating
spectaclei could impr;'ve absolute visual thresholds but they had
min'mal efiect on central retinal mechanisms. Dark adaptation
functions reasured with long-wavelength light showed no significant
sunglass effect; whereas, such functions naasured with intermediate
sp~ctral light decreased in final visual thresholds. These
differential effects were obtained under enviropmental lignt
conditions insufficient to produoe an elevation in final visual
•hresholds for control group subjects not provided with suiiglasses.
The results of this study strongly zopport previous arguments for
providing standard "isible and near ultraviolet protection to
personnel required to perform military tasks under extremely bright
environmvntal light.

Many current field exercises conducted within the Army involve extensive night
maneuve-s and require optimal huwan night vision performance. With the availability of
modern night vision devices, dependenc- upon unaided human night vision has been
rrLinim zed. Yet the usefulness of unaided ,ight vision must not be overlooked, because
modern night vision devices are available only in limited quantities, they may produce
visual fatigue after short periods of tilae and may have restricted fields of view. In
this experiment we investigated the potential for augmenting netural human night vision
function as an alternative to its artificial augmentation.

Exposure to bright daylight conditions occasionally has been associated with a
decreased rate of dark adaptation (1,2). Furthermore, chronic daily expost're to bright
'nvironneital light has been associated with changes in gross retinal morphology and
visual function (3,4). These investIg-tions (3,4) in animal subjects have shown that
such levels can produce significant retinal degeneration as well as permanent elevation
in rod absolute threshold.

An earl) study (2) on hu-ban dark auaptation indicated that prolongea exposure to
bright environmental light produced a delay in the rate of adaptation, as well as a
reduction in final absolvte sensitivity. Also reported in this study was the result
that the use of iunglasses under such lighting conditions could prevent these changes.

Although bright light environments can decrease final dark- adapted visual
sensitivity, little ii known about the differential effects on the types of
photoreceptor systems. Neither is it known if sunglasses change final visual threshold
levels only under excessively bright light levels. Such additional information can help
elucidate the n.ture of the retinal mechanisms and thereby increase our ability to
understand how to augment unaided night visual function. The present experiment was
undertaken to answer such questions.

• METHOD

"A light omitting diode (LED) dark adaptometer (5,6) was used in this experiment. A
composite illustration of this device is presented in Figure 1. Red and green LED
sources are mounted inside a plexiglass hemisphere. Measurements of visual threshold
(visual sensitivity is the reciprocal of visual threshold) following a standard period

4 of light adaptation were made with a tracking technique (5). Volunteers were required to
4 p'ess and hold a response button when either a red or green light waa seen by them, ani
release the button when the light was no longer visible. The 36-inch hemisphere,
fitted wuith a chin support and headrest, and indirectly illuminated with convention.!
tungsten lamps, provided a constant uniform light adaptation source of 110 candela/m2 .
rtreshold measurement were alternately determined for both red and green LED sources
during the course of dark adaptation.

In the~e experiments all th'eshold measurements were made at 16 degrees fromfixation for the red (E) and green (C) LED souroes. Both vertical and horizontal LEDsources were illiminated simultaneously, for each source. The spectral distributi?,ns
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of the two kinds of sunglasses used in this experiment are shown in Figure 2a,b. The
luminance transmittance of the 010 sunglasses using the CIE C source equalled 1.3%,
while that for the Gargoyle sunglass equalled 18%. For both of" these filters,
transmission in the near ultraviolet spectrum was no more than 5%.
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Figure 1. A schematic illustration of the LSD derk adaptometer.
In the upper right, a sample dark adaptation funation from one
individual is shown. The upper and lower solid linea represent two
asandard deviations about the mean function. The duty cycle or pulse
widch modulation for a dim light (late dark adaptation) is shown in
tha Lower right insert. ThreshLd pulse width decreases as dark
adaptation increases. The relative speotral transmission curves of
the LED sources available to this apparatus are shown in the lower
7left corner. For this axperiment only the greenl (C) and red (9)
diodes were used.

Experimental and control group subjects were military personnel on maneuvers in a
semi-arid environment at Fort Hunter Liggett Military Reservation in California. All
subjects were in their mid-twenties. Both experimental (n=15) and control (n=15) groups
recpived a standard dark adaptation test, which consisted of a 2-minute light adaptation
period within the hemisphere followed by visual threshold measurements made for both the
red and green LED sources. Visual threshold measurements were made over a 20-minute dark
adaptation period. The experiment&i group was given one of the two kinds of sunglasses
described in Figure 2 and asked to use these filters, when outdoors, as much as they
uposeiby could. No filters fere given control group subjects, who were engaged in
iimllar activitie5 under nearly identical environmental conditions. Reported average
usage of sunglasses over the four days between before and after measurements of
Sdark adaptation lqualled about 20 hours for each subject.

RESULTS

Dark adaptation functions for spectral test stimuli are stown for two subjects in

Figure 38,b. While the subjectS show large individual variation in the effects, theirfunction:s demonstrate the trends tnat were found in all of the subjects. Both show that
throughout the dark sdaptation measurement period, post-exposure thresholds for the
green LED source were always lower than those obtained for the preexposure period.
Massurenenti o; sensitivIty for the red LED show much smaller differences as well as
orossovers during the 20-minute dark adaptation period.

RZI
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Figure 2 a,b. Spectral tranemittance of Gargoyle and OLO
eunglasees. The luminance transmission of these filters using the CIN
C source was 18% and 1.3%, respectively,

Diferences in either the spectral transmission of these filters or in the amount
of time filters were actually worn by these subjects may account for the large
individual differences. However, the average for the 15 subjects wearing sunglasses
supports the observations gained from the two subjects (Figure 4). Average post-
exposure measurements of sensitivity for the green LED light source are approximately
a quarter of a log unit more sensitive than average preexrosure measurements over most
of the dark adaptation period, but are minimal for the re, LED.

Comparable dark adaptation measurements made with the 15 control subjects show no
diffetences between pre- and post-exposure for either the green or red LED test stimuli.
The data from these two curves were examined with a 4-way ANOVA, which revealed a
statistically significant 4-w,)y interaction (P<.05) for filter, LED color, time, and
pre- and post-exposure. Statistical analysis was conducted for the first and lant 5-
minute blocks in the dark adaptation period. To further defite the significant
contributing factors to this 4-way interaction, we exam.ned the factors of LED color,
time, and pre- vs post exposure for sunglass group vs control group. The results of the
th'roe-way analysis for both of these groups are shown in Tables 1 and 2. The major
diffrfrences in these separate ANOVAs lay in ths significance of the interactions between
pre- and post-exposure and color. The sunglass group had significant interactions
between color and time and betweeýn pre-/post exposure and time.

Multiple comparisons with paired t - tests were done for the sunglass group only
siioce pre-/post-expobure did rn-t show up as a significant factor in any of the
interactions tested for the control group. The post measurements were statistically
significant (p<.05) for the green LED over the last 5 minutes cf dark adaptation but
were not statisticaily significant for the first 5 minutes of dark adaptation.

DISCUSSION

The results of this experiment support previous findin3s on the effects of sunglass
usage on final dark adapted visual sensitivity (2). i.e. an increase in visual
sensitivity was obtained for peripheral retinal measurements. However, this effect was
spectrally selective, occurrinb for the intermediate but not for the long wavelength
test light source. This finding suggests that tae long wavelength cone receptor syste',

-* is insensitive while either the rods or possibly the intermediate cone system are
sensitive to such light filtra~ion. Furthermore, the increase in final sensitivity was
obtained in the absence of an elevat.ion in visual sensitivity produced by unfiltered
environmental light, as evidenced by the control group3 pre- and P9st-exposure data.

Augmentation of a natural photic protectivt mechanism Is one explanation of our
findings. One difference between paramacular and macular receptors is that light for the
latter group of receptors is filtered by macular pigment, which absorbs short-wavelength
visible light. Maxiru,.m absorption of the macular pigment 13 460 nm. Estimates of the
optical densities of this pigment -ange from 0.3 to 0.85 (7,8). As short-wdvelength

•'' light in the blue region of the spectrum has been postulated (9,10) to represent the
most hazardous portion of the visible spectrum. the macular spectral absorption -
cnaracteristics seem to provide a natural protective filter f.om intense levels of
short-wavelength visible light, Sunglesses may afford a degree of spectral protection
to the paramacular receptors.

TPhe two filt~ers used in this experiment were of different absorption

-. 311
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iigure 3a,b. Two subjects ehowing the pro- and post-exposure
dark adaptatdon measurements. One subjsct used the OLO fiZter and the
other used the Gargoyls filter. Both subjects show the same relative
ePIV tffects for pro and poset spectral dark adaptation measurements, !° ,"•.

althou:7h abOoZlte differences were greater for the subject wearing
the OLo filtep as com~pared with the one wearing the Gargoyle filter.
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I Figures Ea,b. Pr~e and post avsyage dar'k ada ptation fv'nt~iot~o for
aisnglass group(a) and oontrol gtroup'ý-).
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TABLE 1

SUMMARY OF ANALYSIS OF VARIANCE
FOR EXPERIMENTAL GROUP*

SOURCE DEGREES OF FREEDOM MEAN SOUARE F PROBABILITYt

MEAN 1 542.17254 1865.2

ERROR 14 .29061

PRE/POST 1 .19764 .30 (is
ERROR 14 .21954

DOLOR 1 18.07304 1127.94 .0000
ERROR 14 .016C2

PRE/POST X COLOR 1 .02002 .66 ns
ERROR 14 .03016

TIME 1 30.77494 414.27 .0000
ERROR 14

FRE/POST X TIME 1 .34454 6.97 .0194
ERROR 14 .04943

COLOR X TIME 1 21.14280 1102.25 .0000
ERROR 14 .01759

PREiPOST X COLOR X TIME 1 .28714 11.76 .0041
ERROR 14 .02442

* T:AE ANALYSIS WAS PERFORMED USING BIOMEDICAL COMPUTER PROGRAMS BMDP2V.

t THE P = .05 LEVEL WAS USED FOR DETERMINING STATISTICAL SIGNIFICANCE.

TABLE 2

SUMMARY OF ANALYSIS OF VARIANCE
FOP CONTROL GROUP*

SOURtCE DEGREES OF FREEDOM MEAN SQUARE F PROBABILiTYt

MEAN 1 596.?02f/9 1760.05 ns
ERROR 14 .33880

PRE/POST 1 .01541 .2Z ns
ERROR 14 .07160

COLOR 1 11.32216 121.74 .0000
ýRROA 14 .09301

PRE/POST X COLOR 1 .01281 .39
ERROR 14 .03248

TIME 1 19.28009 410.05 .0000

PRE/POST X TIME 1 .00588 .19
j" ERROR 14 .03081

COLOR X TIME 1 12.81840 834.50 .0000
ERROR 14 .01536

PRE/POST X COLOR X TIME 1 .01825 .79 ns
ERROR 14 .02"21o

THE ANALYSIS WAS PERFORMED USING BIOMEDICAL COMPUTiR PROGRAMS BMDP2V.

t E P = .051' EL WAS USED rOR DETERMINING STATISTICAL SIGNIFICANCE.

U "- n lnu i nuuninun - - -.-. - • - - .. r.. --
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characteristics in the risible spectrum, but nevertheless had 4imilar effects on
absolute %ibual thresholds. This lack of speatral specificity may reflect experimental
conditions loeyond our control or may be an indication of the importance =f the high near
ultravlolet abaorption common to both of thes: filters. In the past (11,12,13)
considerable d1snussion had been given to the relative contributions Uf thi3 portion of
the spectrum to elevations in final visual thresholds More recent animal investigations
(9,10) have suggested Ohac both the visible and near ultraviolet spectrum may mediate
separate photochemical toyicity meohanlsms.

While augmentation of the natural protection afforded by the macular pigment is
reasonable at levels of environmenta' light ohere exposure does produce an observable
decrement in sensitivity, no such devrement was obtained in this study, as evidenced by
the control group pre- and post-exposure meanurements of dar) adaptation. The ability to

produce an increase in Bensitivity in the present study may, therefore, involve other
retinal mechanisms in addition to that of natural filter augmevitatio,:. Such mechanisms
could be more directly involvel with the normal regulatio., of night visual fur,ction
rather than with its labflity to light exposure, at least for environmental light lsvels
that do not eievata or delay final dark adapted visual thresholds.

nne sucn mecharism would involve interference with normal rod-cone interaction
processes. During the normal course of dark adaptation, cone activity iritially produces
the strongest neural response. This eaely cone activity is able to neurally mask rod
activity. An lerk adaptation proceeds, the neural output of the rod system innreases
while that of the cone systems decrease. Measures of spectral sensitivity obtained
during the course of dark adaptation rcflect thebe dynamics. The shape of the spectral
scasitivity function during the intermedlate temporal course of dark adaptation neither
fully matches the photcpic or the subtopic function (5). The uniforr, filtration affoided
by sunglasses to both the rod and conc receptor systemsv ;ould alter the balance of
rod/cone inhibitory influences and selectively favor peripheral rods, since rods are the
most numerous reenptor element and, therefore, the receptor systzm naving the greatest
neural output.

Minor changes In periphevral retinal receptor orientation may be induced by
attenuated retinal irraoiance. Normally, primate •eripheral retinal rods are oriented
toward the pupillary aperture (14), giving a maximally efficient response to light
oriented normal to the pupil. Recent investigations (15,16) have demons~ratod that
retinal receptor efficiency measurements can be altered by grossly attenuated ±ight
input over several hours or alteration in the location of the pupil. Other
investigations (17.18,19) have demonstrated the presence c: striated tissue both in the
Sphotoreceptor itzmelf as well as both proximal and d!:,al to Uhe photoreceptor outer
segment. Under nurmal, non-toxic light conditions it is possible that a receptor
alignment mechanism may function, capable of fine Yuning its or-entation for maAimal
processing efficie-.cy of light input. Under brighter light conditions, such a mechanism
may serve to protcct the photorecvptor system by slightly disorienting the
photoreceptor, ca:siinF a reduction in visual efficiency while afford!ng a degree of
protection to the pho~oreceptor absorption apparatus. such an explai,ation could also
accommodate neural inhibitory processes as well as receptor alignment mechanisms, as a
change in receptor orientation, affecting receptor efficiency would als- affect the
lateral neural inhibitory activity of one receptor on inother receptor system.

Tite present investigation ý%upports previous studies, and suggests the presen•ce of
an active retina] ieceptor Liignment mechanism capable of attenuating over a wide range
of environmental light levels. Under environmental light levels that do not pose a
haza.rd, sunglasses may s"rve to maximize norial visual efficiency by optimizing retinal
receptor alignment to the pupillary aperture. For iight levels that do pose a potential
jhazard (1,2), retinal receptor alignment processes may serve to "detune" fine receptor
orientition to the pupillary aperture, thereby, decreasing visual efficiency, but aldo
affording a degree of protection tO the receptor light abscrption mechanism itself.'
Such mechanisms may be required to a lesser degree by macular receptor systems, as tht
macular pigment serves as a static protective absorption system, or may exist for
macular rcneptora but require more specialized visual inquiry to elucidate their
presence.
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Brennan UK: I do not understand how long it took for their dark adaptation to return to normal values
when they were no longer exposed to long periods on a Californian beach.

Zrtck US: Well first of all we did not use a Californian beach, and I think you are confusing the studies
T -W[ji 40s with Naval personnel on beaches in Southern Carolina. Those people were exposed to maybe 6
hrs a day. In our experiment we used Army personnel assigned to Fort Hunter Liggett for a period of about
a m•nth. We had them for a total of about 6 days. Firstly we made our test and then we sent them back
into the field, they were asked to wear sunglasses, if they were in the sunglass group. They worked under
fairly normal skies. We may have had some cloudy days but they were not bright and they were not the same
conditions as occurred forty years ago in those other experiments. We did not find a light effect in the
conxrol group, in other words there was no etfect for the group that did not weai sunglasses. There was
no increase in sensitivity, ior was there a decrease in sensitivity. We did not see any effect. We saw
the effect only for the geoup that wore the sunglasses and that was an increase in sensitivity.

Brennan UK: The group that did not wear the sunglasses and that had the effect with the green LEDs, did
you then put them into sunglas'ses for a period and see how long it took for them to return to normal
values?

Zwick US: No.

Brennan UK: Do you think it wculd be a gqod idea to try with blue LEDs?

Zwick US: The effect is very similar to green LEDs.

Brennan UK: You did not find any significant difference?

Zwick US: e tid ,iot find much dif'erence at ll. The blue ',ED we used peaks at about 490nm so it is a
mixture o blue-green. It is more (uWlros the longer side of blue. It would be nice if we had a olu,
LED at 44Ohm but we do not have that.

Hikmn US: Do you feel tLat -fatever visua) prob'-iz "-,re imposed by a 6 or 7 m displecerent of a
conta't ions occurring o-er 6 or 7 !conds at 1G per sAc-od nnset represents the samae probleff. as a 55 )r 7
m displacement which occu,'s in 1 second in an aircraft, wftl, a high rate of G onset. Are the visual
problems the same?

Punt NE: I would thhak that a displacement of a 1tms 6dring a 'ong period is 4ndeed much moe of a
proMbmthan during I sec)nd. Where thure is not trtal sli'ýpa~e it aoes not matter with an aspterical let's
because tie tota. lens diameter is also the optical area, only, when thevie is a tota,• slippage 0f an
tspkeca' lens will there be a problem. To hive slippage of a PMHA lens will cause more oroblems such as
flare than the aspierical lens.

Hi ckman US: I isould be inteýested to hear wat Dr Cloherty )As to say about the problem of rapid G onset.

Cloherty '1: It has been our experie,;ce that the hard lens does move ii, excess of the ,iigh water content
lenT4n•-ti+ . Our subject was an experienced centrifug- operator. We would not consider a hait lens for
aviaters.

4Hickmmn" I1S: It would be helpful to hear from the last two gentlemen a brief statement on ,:h!t are the
TRicatloni for contact lenses. Whilst. th usaqoý "y be increa,inC is it really needed? Under what
ci;'cumstances v0l1 they out-perform a set of pr-,pe;*,y fitted spectacles?

-j Punt NE: Well I tnink that whei there is an astigmatic problem then you have to look for the optimal

solution to it and I think aspherictl co,;cact lenses with a nigh degree of gas p-rmeability are the optimal
solution to the problem. Vtir.k that in the lest 10 to 20 years ha-d lenses have hag a bad ima.ge
because we are talking about the PMMA lens with a small optical area and that Is the reason that
ex9eriments with soft lenses have now been done by Forgie, Tredici and Brennan. ihese experiments are
-ley good but I think when there is a cylinder you should try toric lenses. Soft toric lenses are not the

solution because of their instability. I cannot recommend them.

Brennan UK: My opfnion would be that the time to fit contact ;enses in preference to spectccles is when
you are forced to deal with 4squigment of limited eye relief, that would be the primary purpose. Perhaps
it would be better to devise optical equipment with a larger eye relief so that the necessity does not
arise.

Clohnrty UK: We issued ur 40 volunteers with a questionnaire. The last question asked was "Would you
?eIT coTiWx usino jour sn't contact lenses?* Every volunteer with one exception, sad "Yes". The
exceptio4a-wyt a doctor 4ho Said he wss vrit surL-. Al; the aircrm said they would be quite hppy to fly
with the saft Cv4Actt ,enýs, We do not fit them as a routinu because there are other considerations,
such l: S poss7oPitty 6-1 ny noxious gas or fluid that is water soluble entering the soft lenses. We

- o-
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are continuing the tridl so that we can observe these people and keep the topic under consideration. We

have 2 piluLs who are aphakic, they require contact lenses to keep them flying and operational, so that is
an indication if you wish.

Draeger GE: I would like to reter to Dr Hickman's question about the indications for fitting contact
lenses. There is a very simple optical reason that Dr Punt has already mentioned. Vision is markedly
improved compared with using spectacles and this applies particularly to astigmatic cases. The second
reason 's that the mechanical effect of a, G load on a contact lens is much less than that for spectacles.
Did you ever try to use -40 spectacle lenses and apply a rapid 9G acceleration? The spectacles slip down
your nose and perhaps fall off the head and it is very confusing, much more so than when wearing contact
lenses. The contact lens woarer is better placed. We are really sure about the superiority of contact
lenses under a high G load compared to spectacles.

Brennan UK: It might be better if we did not have to have aircrew who were wearing -40 in the firstplace.

Biggelaar NE: I would like to answer Dr Hickman's question about thie spectacle frames that slip away.
we haw seen many cases, at least 10, from the population of some 20G aircrew that underwent centr'fuge
training at the Soesterberg Institute. Most of them were wearing American type frames and it seems that
the G value of 45 is critical. Because, beyond that G value one sees the spectacle frames slip or fall
off completely. The best frame I have seen so far is an .'iAerican frame which was modified by the pilot
himself, with a %mall elastic band behind his head so that it fitted very tightly under his helmet. This
particulor frame did not slip but the Dutch frames which are the same as the RAF frames do have a tendency
to slip either up or down. The American frames do the same thing, so I would fully support Dr Draeger in
his theory that contact lenses would be superior but then there are aiso disadvantages with contact lenses.
It is very costly for the Organisation and some of the pilots do not like them.

Brennan UK: The new variant of the RAF spectacles which will shortly come into service will have changed
sides w-hch offer better retention, and in addition, incorporate a slot so that If you wish to wear a band
you zan.

Rouwen NE:- I have some comments on the Ok values Dr Cloherty mentioned on his slides and the rejection of
theW hrdontact lenses, because the Dk value of the lens we use is 16.7 and that is almost as good as the
low water conttnt soft lenses and besides that there are new materials available for hard contact lenses
with Dk values of 13, (Boston rorm material) whict. will probably be suited for extended wear. The
problers with reduced wear ime of hard contact lenses are not encountered in our experience, because the
pilot can wear his contact lerses as long as he wants, for all his waking hours. Only during sleep does
he have to o-amove them.

Bielaar NE: Yes, I would like to add one feature which was not part of the lecture Dr Punt has given.
art_;_oalation in the humar. centrifuge, the lenses (SIL - 02 - FLEX) were also evaluated in the

hypobaric charibe• and they performed very well under explosive decompression and high altitude conditions.

Verona US- I have oie question for t'e Group Captain. As a contact lens wearer one of the protlems that
Trquently have concerns quality control and degradation with time. Could you comment on your

experience on the quality contrel from tre manufacturers, particularly with curvature and power and did
they degrade ove- time?

Cloherty UK-. Concerning the Ok factor, you are quite correct, there are new oxygen permeable materials
comtný on to the market all the tiwe. The manufacturers claim that these can be worn as extended wear
lenses. I estimate it will take three years to evaluate these new oxygen permeable polymers. You could
argue that you cculd use vicro corneal hard contact lenses, of the proper oxygen permeable polymer, as
extended wear lenses. I would not agree with it, but if proved successful then these could be used as
extended wear lenses. In answer to the secono question. The quality control in the Scanlens 75 lenses
waz found to be good. I think we had to return about 4 lenses because they were of incorrect power or
radius, so that ir. our experience, with that one manufacturer, they were g6od.

Verona 'iS: And did they stay pretty consistent over the life of the lens?

Cloherty UK: VeJ.

Brennan UK: I canmpot let the opporturity slip of hading a word with Professor Draeger a.out his
Fe ct ac-s. Did you enccjnter any problems wit0 fast jet aircrew because you gave them an executive style

segment, as this would completely deprive them cf lower lateral vision and stop them seeing the flaring of
the runway? itd ;cu hjve any ceePlail.-ts?

Draeer -GE: In fact, the model shown fur flihter aircraft has not been flown so far. We built
jYl" designs and cnc-okej tnem in tha cckpit environment bLt they have not yet been flown, whereas

other types tave been flown.

Brennan UK: The other question. When you have multi segment lenses do you find that people complain
abo~ut prismatic jump as they go from segment to segaent? Also in the spectacles which you showed which
had reading seg~Aents in the upper quadrant, did you have any complaints about restrictions to the
peripheral f eld in collision avoidance and so forth? K
Oraeger GE: Middle-aged aii'crove have not compairnel about these invisible segments and concerning the

sT ewar s restriction to tngv irild of viewe when lookine straight ahead, it is just a matter of practice to

t~



D4-3

overcome this little field defect in the upper right or left side, this is not what people really complain
about. Astigmatism is less than with Varilux lenses, there the conplaint was really obvious.

Brennan UK: I agree with the difficulties in using progressively powered lenses.

Monaco US: It has been suggested that sunglass wear may reduce the progression into retinitis pigmentosa.
Do you think that some of your data may be applicable to that? Further If your hypothesis may be
substantiated by using patients with varying degrees of retinitis pigmentosa to elicit a differing Stiles
Crawford effect?

Zwick US: Yes. When we started this study we approached the problem as though we were dealing with low
T-e"veT-iTg'ght effects, because the environmental light levels that we actually had to work with were just not
b.ight enough, we did not see light effects. We saw an effect with sunglasses though. In some other
work that I did not report we were able to get a light effect from bright Californian skies, but if I wore
.%y sunglasses I got a reduction in sensitivity. It is hard to know whether we are on the verge of a
damage effect which might relate to what you are talking about, or whether we are dealing with some sort of
ability of the rods to protect themselves and how these things are related I cannot say now. It has been
suggested that sunglasses may help to protect retinitis pigmentosa sufferers, it all depends on what
retinitis pigmentosa ra•illy is. I do not know that there is any evidence that links retinitis pigmentosa
with light effects, is there?

Brennan UK:: Retinitis pigmentosa is an hereditary disease, it is not caused by exposure to light.

Btggelaar NE: I would like to ask an opinion of Dr Draeger about the feasibility of supplying multi focal
glasses to a fighter pilot. We have in our inventory maybe 10% of the fighter pilot population who need
glasses and they are fitted with bifocals. I do have concern about presbyopic pilots flying in fast jets.
We do not fit them with executive line glasses, they use a D segment for the near correction. Now I find
that it is very critical for a F15 or F16 pilot where the upper limit of the reading correction is
situated. It has to be fitted to the pilot related to the position of the seat, to the upper limit of the
cockpit and for sideways vision as you are landing you need to have a lower lateral vision. I would never
recommend an executive line frame for a presbyopic fighter pilot.

Draeger GE: You are correct with regard to the upper border of the reading segment. In my glasses the
middle segment relates to the top and bottom of the instrument panel and the bottom segment is solely for
reading small print and charts. This is fitted to my face and relates to the panel position in my
aircraft. When flying another aircraft I am very uncomfortable using these lenses as the panel
configuration is differe.at and this is what counts. You have to fit the individual lens to the specific
pilot's working position and you need to place him in the cockpit and to measure the angles and to mark the
lens. Then they have to be fitted and at the end you can adjust the frame by 1 or 2 mm up or down. This
is the way it work; and then the pilot will accept the lens, otherwise it is a hazard. You are completely
right.

ie rNE: Especially when talking about high performance fighters I do not think it is advisable to
TiW an oTder presbyopic pilot fly with a trifocal. There are so many reasons to become disorientated in a
modern fighter aircraft. One of the reascns is spectacles, spectacle .frame plus the parallax that you
have from two different lenses.

Draeper GE: Impaired vision is another hazard especially if he is unablq to read his charts. In night
flight you require perfect corrective spectacles and for the older man aged above 45 years, trifocal lenses
are necessary. Bifocal lenses are inadequate. Only a few men of this age and above are fighter pilots.
In addition they may require their distance segment to be tailored to allow lower lateral vision dependent
upon the side transparency border.

A
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EYE PROTECTION AGAINST INTENSE LIGHT SOURCES

Donald N. Farrer
United States Air Force School of i.erospace Medicine

Brooks Air Force Base, Texas 78235-5000, USA

Summary

The assessment of modern techniques for the protection of the eyes against laser
radiation must begin with the careful evaluation of these stimuli within the context
of impairment of useful work. Occupational safety and health standards were designed
to define exposure limits of laser systems to prevent damage. However, an eye haz-
ard may not exist within some exposure conditions (e.g. glare, dazzle or reversible
5cotoma) in which functional vision impairment could result in job performance fail-
ures. Additionally, eye protection devices should not induce impairment properties.

It is within this context that our research program has been designed. The identi-
fication of laser threats, effects on functional vision and eye protective device
properties are important considerations for successful aircrew performance. The vast
array of intense light sources which represent threats to functional vision, intro-
duces significant challenges for this research area.

The experimental assessment of functional vision as a result of laser exposure represents hazards which
require special precautions to avoid serious injury. Our laboratory has developed a research plan
which incorporates animal and human experimentation with mathematical modeling techniques to reduce the
risks inherent in the study of high energy light sources. The goals of this program are related to
safety and protection. The studies to be reported here include those which relate to the amount of
functional vision decrements which occur following laser stimulation, as well as studies in progress on
the protective measures to enhance visual performance.

Retinal impairment caused by a laser is most severe when the energy is deposited on the fovea, and
permanent blindness results fron' these large thermally induced lesions. Such catastrophic hazards
demand careful consideration for any research proposal in which human or animal subjects are involved.
The research strategy of laser induced decrements in functional vision have required special justifica-
tion and review of each protocol as well as careful post hoc analysis of human accidents and a thorough
review of the few human experimentation efforts which have occurred.

The review of 23 human accident cases reported by Wolfe (Ref.1) covers laser exposures for several
wavelengths ana energy density ranges. His paper includes a scheme for grading the severity of damage
with corresponding decrements in visual acuity. The size of lesions reported for the laser parameters
correlate well with the animal experimental evidence for structural eye damage as well as the animal
experimental evidence for changes in visual acuity. Such general confirmation of the animal to man
extrapolation for laser induced eye damage and functional effects increase our confidence in animal data
for laser parameters tor which no human accldenc cases exist. Thus, statistical studies of damage
thresholds such as the minimum lesion observable by ophthalmoscopy. which have been accomplished using
nonhuman primates can be used as a standard reference point. That is to say, one can reference the
threshold value (ED 50 minimum lesion or ED 50 Hemorrhagic lesion) in terms of some multiple of the
reference value (e.g. 10 X ED 50 ML).

SThe impairment of functional vision with laser radiation can be produced with either single or multtple
pulse exposures. Indeed, the data clearly reflect that shorter pulse widths cause more retinal damage
at a given energy density. The safety standard AFOSH 161-10 (Ref. 2) reflects the slope of this curve.
Additionally, multiple pulses will be perceived as continuous (CW) when the pulse repetition rate ex-
ceeds the critical flicker fusion threshold. In this context, intraocular scatter of light becomes a
very significant event. In the short pulse width single pulse laser radiation exposure Intraocular
scatter is, by definition, a very brief event which contributes to the duration of the after image as
a function of the magnitude of the total energy. However, in the multiple pulse or CW case, intraocular
"scatter assumes greater slgnlficanc-, This phenomenon was first described as blinding glare by Holladay
in 1926 (Ref.3). More recently a variety of terms have been added to describe the performance
decrements attributable to intense light sources (e.g. disability glare, discomfort glare, veiling
glare, etc.). Events which disrupt vision can be classified as (1) retinal damage, (2) flashblindness,
(3) glare, or (4) startle. Some experimental evidence exists for the disruptive properties of each
class of these events. Threshold values for retinal damage classes and safety for short pulses typi-
cally occur at log unit intervals. For example, the maximum permissible exposure limit for the 1.064
wavelength at 20 nsec Is 0.05 mIcrojoules, the ED 50 for mipimum visible lesion is 0.5 microjoules, and
the ED 50 for hemorrhagic lesion Is 5.0 microjoules. This log relationship becomes significant in the

determination of the protective eye wear values.
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Biological variability wili always prevent a precise definition of the magnitude and auration of the
functional vision loss associated with a given set of laser exposure parameters. However, within rea-
sonable limits it is possible to predict the functional vision consequences of laser exposure condi-
tions noted above. The mission determines the amount of vision which is required, and it is possible to
specify the amount of protection necessary to protect minimum acceptable levels of visual perception
following laser exposure.

The most common methods employed for laser protective eyewear involve concepts of absorbtive or reflec-
tive filters. Spectral distortions can be anticipated which will produce a degraded image quality. In
addition to the spectral issues, configuration issues (spectacle vs. visor) can deteimine uset accep-
tance attitudes. Risk vs, benefit analysis is an important aspect of the evaluation of a particular
device for a specific purpose. Protection in the form of filters will of necessity distort color
perception if the visible spectrum is involvee. In all probability, the distortion problem will in-
crease if more than one wavelength is eliminated or reduced from the visible band. Distortions can be
minimized by building visors with very narrow band rejection characteristics (e.g. notch filters). These
goals stretch the current state of the art when the requirements specify very narrow rejection bands
(e.g. one or two angstrom units) coupled with very high energy rejection requirements (e.g. above 4
OD). Obviously, the narrower the band of visible lig'ht which is removed, and the least energy removed
from the visible spectrum, the least distortion of perception. Accordingly, the protection is also
limited.

The selection of the amount of energy rejection required must be based upon an assessment of the power
available to cause oamage as well as the degree of protection which is required. That is to say, if
the degree of protection required is to limit the total energy entering the eye to the maximum permis-
sible energy (MPE) as determined by a safety standard such as AFOSH 161-10, and the threat device has
high power, then, in all probability, one must accept some color distortion.

The total elimination of the wavelength of interest might not be the most desirable option. Given the
capability to limit the total energy entering the eye to safe and non interfering levels might give
valuable information about the number and location of the hostile laser device(s) for counterattack.

Visual perception is one of the most important 3kills on the modern battlefield. Just as inappropriate
protective eyewear has a high probability of degrading vision, so does the proper device have the
opportunity to enhance battlefield performance. A potentially blindin; laser might be easily detected
with the proper protective eyewear. If the optical density is too great, the device would not be de-
tectable. Alternately, if the optical density is too low, the observer w,,'Id experience flashblindness
glare or eye damage.

Olson and Sivak (Ref. 4) performed studies to measure performance as a function ot glare intensities
from discomfort to disability. These data reflect the dependence of the task upon the glare phenome-
non. Tne task (driving an automobile) might be successfully completed with 1 or 2 seconds of disability
glare whereas other tasks (flying high performance aircraft at low altitudes) might result in perform-
ance failure with equal glare intensities.

Finla) and Wilkinson (Ref.5) demonstrated that glare adversely degraded high frequency targets on a
contrast sensitivity test. Such data imply that identification of very small targets would be more*1 difficult to detect under glare conditions than larger targets. Wolf (Ref.6) presented data to indicate
that glare becomes a greater problem as a function of the increasing age of the observer, and he con-
cludco that the difficulty accelerates at age 40,

Examination of -he literature on performance decrements as a function of pulse length reflects increas-

ing evidence that a single short pulse produces afterimages lasting a few se:onds (Ref.7) whereas it
now appears that pulse trains or CW events will produce disruptive effects on performance during the
exposure at extremely low energy densities (Ref.8). The literature on tracLing task decrements as a
function of single short pulse laser radiation indicates very high energy censities are required to
produce large performance decrements in a high percentage of cases (Ref.9, 1C).

An acceptable proposal for protective eyewear must minimize the undesirable aspects (e.g. impair per-
formance due to visual distortions, quality, hue, etc.) while providing the miximum protective quali-
ties,

Morris (Ref.11) described a test plan for the assessment of protective eyewear which included clinical
tests of visual acuity, stereopsis, contrast sensitivity, visual fields, dark adaptometry, and Macbeth
color threshold test. Additional tests include experienced observers evaluations of wearability and
"visibility. User acceptance is particularly important in the evaluation of these devices (Ref.12).

In summary, the selection, evaluation and employment of laser protective eyewear is particularly threat
directed and dependent upon user acceptance. Any device is likely to produce undesirable side effects,
and reduce the quality of visual perception.
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"Summrny:
Preliminary calculations on the requirements for protective devices against permanent retinal burns caused by

nuclear detonations were based on a simplified model which also has been used sui this study. The pres•,it

paper deals essentially with computations concerning the reversible flash blindness of flight crews caused by a

nuclear explosion as well as the resultant technical requirements to be met by antiflash eye protection

systerns. In the low-yield nuclear range the computations led to shutter times which are technically unfea-

sible at the present moment. Therefore, additional computations were made to determine the periods of

blindness occurring when technically feasible antiflash eye protection systems are used. They were then

compared with the periods of blindnet-; to be expected under identical conditirns but without antiflash eye

protection systems.

Introduction

During a nuclear explosion a considerable portion of the released energy is emitted in the form of

thermal and visible luminescent radiation. Even at great distances from the point of explosion this

radiation may cause either transient blindness in an observer or - in the case of greater exposure -

irreversible retinal burns. Transient blindness is caused by the visible part of the emitted radiation
spectrum whereas permanent damage is, in addition, due to the infrared spectral range passing through

the eye medium.

In order to prevent and/or limit this ocular damage various protection systems are being developed
which are based on differert physico-technical procedures.

These eye protection systems are either so-called passive protective filters the permanently low tians-

mission of which constitutes a contintous obstruction to vision or active anti-flash protection systems
in the form of optical high-speed shutters actuated either electrically by the flash or directly by the

UV part of the radiation. The technical requirements to be met by such systems have to be computed

by taking the ophthalmic exposure values of the retina of the human eye and the optical radiation

parameters of nuclear explosions as a basis.

For the prever.tion of permanent ocular damage such technical requirements were established in the
Finabel document FIN DOC A/75/1 with 3 different exposure limits for the retina being predetermined

and derived from the maximum energy density radiated upon the retina without causing permanent
damage (Ref 1). The following exposure limits were used:

0.1 J cm according to Ref 2

0.5 J cm 2

and a time-dependent exposure limit determined by Ham et al. by means oi experimental studies
performed on the eyes of rabbits (Lit. 3).

Here the enormous influence of the predetermined eposure limit exerted on the technical requirements
to be met by optical high-speed shutters in view of shutter time and optical dsnsity under blocking
conditions became clearly visible.

. .. . . . . .... . . .... ......I II .ll
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However, these requirements can be met in any case by existing protective devices such as PLZT,

having a shutter time around 100 ps. Matters become more complicated in the case of reversible

blindness, as there is a functional connection between retina exposure, recovery time and subsequent

visual tasks zu be accomplished.

in the meantime an extensive literature study has been carried out in France involving the compariso,

and evaluation of exis1nrg ophthalmic works on this subject. The results obtained allow ti6e cempu

tations of the techocal requirements concerning antiflash eye protection systems to be extended to the

protection agairnst !,e etrible blindness.

The following investigations should help establish such sets of technical parameters for some concrete

cases. As even transient blindness renders the piloting of aircraft extremely difficult, this study deals

exclusively with the situation of a pilot who, after being blinded by a nuclear flash, must be able to

recognize end read the aircraft instruments after a certain recovery period. To present a particularly

critical situation, a night flight was chosen (night-adapted eye, illuminated instrument dial). First of

all, technical parameters (shutter times for different ontical transmittance values under open condi-

tions) for antiflash eye protection systems were to be worked out on the basis of given visual tasks

and the maximum admissible recovery periods.

In a second phase obtainable recovery times for given visual tasks were to be computed by using

realistic working data of shutters of protection systems.

2. Parameters

2.1 Radiation emitted by the fireball

Computations of the intensity and spectral distribution of the thermal and light radiation were based

on the laws of radiation for the black body (Ref. 2). To demonstrate the time-dependent temperature

variation of the shock wave (1st impulse) and the fireball (2nd impulse) the graphic representation

devised by Glasstone and Dolan was used (Ref. 5).

The influence of the yield exerted on the time-history was computed by the formulae indicated in the

NATO document EMI (Ref. 6).

2.2 Threat criteria

The minimum distances from the point of explosion for which an antiflash eye protection syrtem should

be designed result as so-called critical distances from the distances from grouad zero within which

"there is a 50 per cent probability that the weapon system - the aircraft in this case - will be lost

due to the influence of the active nuclear components with the longest range. These critical damage

radii are shown in Figure 1 as a function of the yields in the 0.1 - 1.000 KT range. In the lower yield

* range up to approximately 90 KT the critical component is the damage to electronic systems caused

by the neutron- and -r-radiation impulse (TREE = Transient Radiation Effects on Electronics) whereas

in the intermediate range of up to approximately 200 KT it is the damage caused by blast, and by

"thermal radiation in the upper yield KT range (Ref. 5, 6, 7).

SThe establishment of these curves was based on the following threat soituation:

A combat aircraft is flying low at an altitude of 200 ft towards the point of explosion of a

nuclear weapon with the fireball being in the pilot's field of vision.

The altitude where the maximum pressure damage occurs is assumed as the height of burst of

the nuclear weapon This altitude may be computed by the formula

".--.
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e(1) 60 Y113

where

h= height of burst where maximum blast damage occurs

Y = Yield

2.3 #.tmosphe.ic transmittance

In accordance with the FINABEL agreement (Ref. 2) a visibility range V = 20 km was taken as a basis

to determine the atmospheric transm.ttance as a function of the distance.

This leads to the expression for the transmittance T(r) over a distance r:

12) T (r) e-2"gr/V

T(r) -0.
1 4 5 r

where

T(r) = transmittance

V = visibility range,in this case 20 km

= distance

Atmospheric scatter phenomena were not taken irto account; interest was focused exclusively on the

direct luminous radiation emitted from the centre of the explosion (shockwave, fireball).

2.4 Eye parameter

According to the FINABEL agrement (Ref. 2) the blink reflex delay was assumed to last 170 ms. In

all calculatior., of the retina exposure the retinal illurr.,inance was integrated over this period. As -

owing to the greater vulnerability to blindness - the eyes were examined under night adaptation

conditions, a diameter of thc pupil of 7 mm and a spectrul photosensitivity V1 ( A ) according to

Figure 2 with the maximum v lue cf the photometric radiation equivalent for scotopic vision KI ofS~m
1795 Ir W-1 was used (Ref. 4'

Figure 3 also shows the curve for the transmittanc- spectrum of the eye medium in front of the

retina.

2.5 Blindness

In the case of reversible blindness the term "recovery time" refers to the period during which a

particular visual task cannot be accomplished subsequent to an intensive irradiation of the retina. It i:

a function of the time integral of the retinal illuminanre (exposure of the retina), the predetermined

visual tcsk and the adaptation condition of the eye. Moreover, this functional connection is subject to

intense individual fluctuations.

The results of an extensive literature study and analysis were clearly laid down in the FINABE- do-

cument FIN DOC F/77/N (Ref. 8), The visual task chosen consisted of recognizirig sulf-luminous objects

against a dark background with 3/10 visu-0 azuity. Moreover, the investigations were ccffined to the

dark-adapted eye. The result is available in the form of I curves. The first curve shows hte relationship

between the retinal illuminance and the recovery time for a firm object lunavnce L = 0.3 nit. The

se:ond one contains the respective correction factors for other luminances.

_ These curves were re-drawn by using the pertinent SI units; the first one was extrapolated up to

7 . 10-7 Ims cm 2 . Although his extrapolation to%,ards low retinal illuminance may well be con-

testable, it is the only possibility at present of making estimates in tsh field of short recovery times.
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2.6 Visual taik

The visal task chosen consisted of recognizing illuminated aircraft instrumsnts with white lettering on

a black background with the night-adapted eye having 3/10 visual acuity. According to STANAG

No 322e Al lettering and needles were considered self-luminous objects with the luminance prescribed

in this document (Ref. 9). As the brightness of tits instrument lighting is usually adjustable, both the

maximum value L I 3.43 cd m-2 and the half value L2 = 1.72 cd m- 2 were taken into consideration.

In accordance with paragraph 2.8 a reduced open transmittance To = 0,25 was assumed for some of

the evaluations. Sinc) the reversible s-,stems return to this transmittance value after the shutter period-

also the curves for LY = 0.25 L and L2* = 0.25 L2 were entered to take account of the seemingly

reduced object luminan.ce.

The relat;rnship between the retina illrimirtance and the recovery time for these four values is shown in

Figure 4. 2 values, viz. 1 = 10 s and C. = 3 s were predetermined for the recovery time required.

2.7 Technical parameters of artiflass eye protection systems

The following values vvere assumed as pa-ameters .or antiflash eye protection systems:

Open transmittance: To = 0.25 To = Open .ransmi°ance

Blocking ratio: T IT = 10 T = Blocked transmittance

Shutter time: - = 50 lts and 100 itc.

The shutter process was idealized by means of a step function.

3. Computational Procedures

The comrputations were made on the basis of procedures described in fo:mer studies dealng with

similar p.oblems (Ref. !, 10 - 13). As the computational process has alheady been explained in de.ail

(Ref. i) onl;' the most essential steps are described irn the following.-1 3.1 Therrnal and luminescenri radiation of the shock wave and fireball

The radiation emitted by a black body as a. function of the time-dependens temperature is described

by PLANCK's Law of Radiation 1-ricat'ng the power of the unpolarized radiation emitted per wave-,

length unit and unit area perpclicularly to the surface into the solid Uagle I = 1 as ;ollows:

(3) M(t, X' = 2 C1 X-5 [IxP(C 2/). T(t)) - 1 3-1

where
17 2

C1  =5.95 . 1017 Wm

C2  =1.439 . 10-2 mK

T(t) = time-dependent absolute temperature

-= wavelength

'•- I Here the temperature is a function of time in accordance with Ref. 5 the influence of the yield on

the time curve may be computed by the following formula:

(4) ty t o(Y/ 20 ) 0.4

~ where

ty o Cor-esponding time values for the yie•lds Y and 20 KT

."'I-

et m
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The total radiatew poy er is obtained by integration over the wavelenCth as well as over the ,,olid angle

a = 2 i taking tuto account I-AMBERT's l AW and over the surface of the fireball:

(5) 8(t) =8 2 R2 C1 f -5 [ exp(C2x T(t,) -1] -1 x

i w~ h-e re

R Riadius of the fireball

3.2 Expo-ure of the ,'etinr.

Of the total radiatei power of the fireball only the following fraction * attenueted b,. atmospherica
absori,!ion passes through the pupil of the eye:

(6) 0a W)--? (t) T W Lr

r= distanc- from the fireball

p = radius (if the pupil, 3.5 mm in this case

TL(r) is the atmospheric transmittance related to the distance r and the visibitiiv range V by the

equation

(7) T (r) = t-xp (-2.9 r/V)

i Whe, pUsSing through the medium of the eye a is subject to an absorption and is then received Ly

an area on the retina which corresponds to t0e image of the fireball:

(8) F oIR R .I

a

where
R = radius of the image on the retinaS~a

f = focal length uf ti-- eye, in this case 17 mm

The energy flux density E (t) apllied to the retina after correý.tion by the transmitttui.e factor T a(.

may then be calculated (see Figuire 3).

1400 nmi

(9) Ea(t) = 2 %p .IfI . TL(r) . C1  J Ta( ) • 5 [ exp(C2 ,L T(t))-1] -1&

400 nm

As in the case of reversible flash blindness uniy the visible part of the irradiated light affects the eye

depending on its sensitirity, the value Ea (t) still has to be corrected by the maximum value of the

photometric radiation equivalent for scotopic vision K' and the spectral sensitivity degree for scotopic

vision V' ( X ) in accorda.nL with Figure 2. Thus one obtains the illuminancea

0•.(0) Eas(t)= Km V a ( )L) Ealt) '

and by integrating this time-dependent value the retina illuminance until the time ti can be computed

t 1400 nm

(11) H TL(r) Km C1 T(. ) V( x).,- exp(CA T(t))-1] dXdta F ja( (2

o 400 nm

The curves H* = f(t) were computed on the basis of different starting values for open transmittance

and, possibly, shutter times by varying the yields for the allocated critical distances.

1I51
k¶ "' [ IIII I' i -- lr-I I' l
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Catculations have been performae vint the data station of WWDBw ABC-Schutz/Munster on tl'e TR 440

computer of the Rechenzentriim Nord (Computer Centre North) der Bundeswehr a, Eckernf6rde.

4. Results

4.1 Retinal illuminance as a function of time

As a working hasis for further evaluations sets of curves wete calculated with the yield being varied in

smaller steps in the numerical urd~er 1, 2, 3, 5, 7, 10 etc. tetween 0.1 and 1.000 KT. As an example,

Fig. 5 shows one set of this type of curves fhr a yield of 1 KT. As in this connection especially the

question concerning the cechnical par~neterm of high-speed shutters a:ose, the area of lower retinal

illuminance values H a* was dealt with -a detail. The following 4 situations were taken into conside-

ration:

To ascertain the necessary shutter time:

4.1.1 Open transmittance T = .0 Blocked transmittance T = 0

4.1.2 Open transmittance To 0.25 Blocked transmittance T s = 0

To ascertain recovery times 0 by predetermining technically verifiable data for antiflash eye protection

systems:

4.1.3 Shutter time i = 100 lis Open transmittance '1 0 0.25 Blocking ratio ToITs = 10'

4.1.4 Shutter time r = 50 us Open transmittance T0 = 0.25 Blocking ratio T Ts = to
OsT

4.2 Required shutter times for antiflash eye protection systems

Af:er entering the recovery times 3 s and 10 s the admissible retinal illuminance values were taken

from Figure 4. Here two different luminances of the instrument illumination we-e predetermined:

L1 = 3.43 cd m- 2 and L2 = 1.72 cd m- 2 . Fosr e.. open transmittance limited to 25 per cent the pai:
of curves for a luminance reduced to 1/4 was used, i.e. LI* = 0.86 cd m-2 and L2* = 0.43 ed m-2. t
should be pointed out that some of the values had to be taken from the extrapolated part of the

curves.

The appropriate shutter times for complete "..,, of light under blocking condi ions can he

obtained fiom the curves 1 and 2 such as show,: 5. The required shutter time corresponds t(,

the time at which the retinal illuminance H P-.e6 ,le highest value admissible.

These time values were given as a function of the yield fo, an open transmittance To = 1 in Figure 6

and for T = 0.25 i. Figure 7 and that for 2 recovery time 3 o.nd 2 object luminances L each.

4.3 Recovery times in the case of predetermined shutter paranieLers

in the second part of the evaluations recovery times were sr.,eitained which occur when antiflash eye
protection systems technically feasible at present are used. These calculations were based on data

which are characteristic of shutters on ceramic (PLZT) and liquid crystal basis. For the open

transmittance of these shutters operating with polarized light a value TO f 0.25 was assumed.

Moreover, two shutter times, viz. 100 ps and 50 us, were chjsett and a blocking ratio To/Ts = 10' wasr

•oT' 1 predetermined. The retinal illuminance occuring up to the beginning of the blink reflex under these

conditions was initially determined by means of curves 3 and 4 as shown in Fig. 5. The corrt,..gnditig
recovery times which can be ascertained itom Figure 4 are s'own in Figure 8 for nuclear explosion- •.,

in the 0.1 - 1.000 KT range.

5. Discussion

The required shutter times shown in Figures 6 and 7 tise monotonously, in a log-log reprecentation
almost 'imeai with the yi*lds. in the lower yield rnng:;, however, one obtains time values -even fr 4
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c'-mplete hblckage of I-ght under blocking conditions - which cannot be realizcod technically for wn
6antiflash ey3 protection systir of the, PLUT or liquid crystal type at the moment as snu^,ter times

ubtainable at present are in the region oi 100 ps or, at best, 50 i s.

the set. of curves for the open tralismitt~tnce values T 0 ý I and To . 0.25 differ only slightly. This
shows that the lower exposure of the eye at reduced open transmittax.ýe is largely made up for in its

¶ eifact on the required shutter times by the aggravation of the visual ta~c ~o be accomplished after
the nucleai flash. This, however, applies amy. to revkisible blindness.

As the shutter times for low yields rannot be realized with ~he shutters avai~zbee at present, the
recovery times occurring when such a t * chnically feasible Prntiflash eye protection systemn is used w-ore
ascertained in Pip~ure 8. rnese talues exeed the limits 3 s i-nd 10 s in th.- ertire yield range. A
comparison with the periods of blindn,: occurring in the case of the unproten.ted eye or when a
neutral filter with 25 per cent trans~nittri~ce is used, shows, howevez, Ot tween with 0- means
available at pre3ent a considerable reduction iii the periods of hliiadt,.ti c ,n ;l h-iiieved.
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German Development of a LC-Flashblindness Device

W. Relmann
H. Sesterhenn

WWDBw ABC-Schutz

3042 Munster
Germany

Summary--

A research program has been conducted on the feasibility of flash blindness protection by liquid crystal

techniques. The result was the development of a reversible fast optical shutter basicaly consisting of a

liquid crystal cell enclosed in 2 crossed polarizers, which provided promising data for an application

for flash blindness protection. Shutter times were in the range of 50 - 80 p-, an open state transmittaice

of 0,25 - 0,30 is state of the art. The closed state transmittance amowts to 10- to 10t .

1. Introduction

For about 5 years, the German DOD has financiallv supported a research Drolect on the applrictinn of

LC-(iiquid-crystal-)techniques for fast optical shutters. The research work, which mainly was direc-

ted towards the development of preparation techniques, was conducted at the laboratories of the AEG-
S~Telefunken Company at Ulm, Germany.

The scope of this work will be the development of pilots goggles, possibly a pilots visor, with nuclear

flashblindness protection. This device will be triggered by an optoelectronic sensor.

2. Principle of Operation

Fia. I shows the configuration of an LC-cell. The LC-material, a layer of 5 or 10 microns thickness,

is encapsuled between two glass plates, which carry a multiple coating of insulating and conductive

transparent materials of the `nner surfaces of the cell. This cell is enclosed in crossed polarizers.

The transparent coatings are vacuum deposited under preferential directions, which are crosscd undei

900 and correspond to the transmission directions of the polarizers. The cell assembly forms a capa-

citor, which can be electically charged up, when the conductive coatings are conn6cted to an electric~l

power source.

Fig. 2 demonstrates the molecule configuration within the LC-layer: ikormally, with no electric voltage

applied to the conductive layers, the boundary macromolecules are aligned with the prefcrentiai coa-

ting directions. The molecules in the intermediate space form a so-called "corkscrew" configuration.

In case the electrical vector of polarized light corresponds to the direction of the bou,,dary m'ole-

cules, the light vector follows the twisted structure of the molecules which means that polarized

light passing the cell will perform a 900 -rotatlon. In the sandwich configuration with croesed pola-

rizers, t0us means the polarized light entering the cell can penetrate the second polarizer because

"of this 90 0-rotation. This is the "open state" mode of the device.

Application of a voltage to the cell between the conducting layers causes the formation of an elect•'ic

iield perpendicular to 0,E glass plates through the LC-layer. This again rmsults in a disinzegration

__ of the twisted stru- ,re. In this mujde, the molecules are aligned in a line parallel to the fleld,

tne light vector is not rotated and the light cannot pass the polarizers. This is "closed staten mode.

As soon as thG voltage is switched off, the orlg-nal configuration is formed again, the mode of opera-

ration changes back to "open": the operation of the shutter is reversible.

The principle •t operikton is demonstrated In Fig- 3.
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3. Technical Data

Fig. 4 shows the open to closed switching process, recorded by an oscilloscope. The upper line re-

presents the open state with a transmittance of about 25 - 30%, the lower the closed state which has

a transmittance of 10-3 to 10". The transition process starts after a certain deadtime. The complete

transition time amounts to about 75 - 80 microseconds. The data have been taken by use of a device

of 50 x 90 nman. Cylindrically curved devices have somewhat larger shutter times of about 100 microse-

conds. Calrulations demonstrate that the speed of this type shutter is still below the principal limits,

set by the RC-time of the charging network including the capacity formed by the cell.

The transition time from closed to open amounts to somewhat below one tenth of a second and takes

place in two steps, which is a principal feature of the rearrangement process of the macromolecules.

The open state transmission is somewhat problematic for all the devices which operate by use of po-

larized light, e. g. PLZT and IC. At present, the open state transmission of our device is about

25 - 30%. The manufacturer, the AEG-Company, expects to arrive at a value of 35 - 38% by use of spe-

cial polarizers and by special antireflection coatings.

The closed to open ratio of the cransmission is constant at about 10"3. Toe nominal operating voltage

is 80 V ac. for a 5 micron cell. The device still operates at lower voltages, but tre shutter speed

for the open to closed transition is drasticaily decreased at lower voltages. The application of an

ac.-votg is required i! ordef to preveut chumical polar izatiui, u, Lie LC-IIImattIid. AL piebeft, Lit

I device is operated at a 500 cps.-signal.

The operational temperature range extends from +5 OC to + 60 OC. It can be modified by using diffe-

rent LC-materials. A drawback of the LC-method is certainly the angular dependence of the closed

state transmission of a flat LC-device. Whereas the closed state transmission, which is minimum in

the central field of view, is relatively unaffected by the angle of incidence of light within 4 wide

sectors of the field of view, which form a crosshaped figure, the transmission shows a maximum de-

crease in the 4 half-angledirections between these sectors. In these areas, the protective effect of

the device is considerably lowered.

Here, the transmittance increases to open state values at an angle of inclined light incidence of
+ 300 to 400, depending on wavelength, for the 10 micron device, and of + 450 to 600 for the 5 micron

device.

Since that is unsatisfactory, a simple technique is applied to compensate this effectf Use of cylin-

drically or spherically curved geometry for the fabrication of the cell extends the area of high

absorption over the entire field of view. Curved samples of a 45 x 45 mmZ size have already been

produced and tested, having a curvature radius of about 60 mm,

4. Special Features

The LC-method has several operational characteristics, which are of technical interest for eye pro-

tection applications:

- The operating voltage is relatively low, it is appli-d in the closed state mode, so a failure of

voltage supply would not suddenly cut off vision.

- The feasibility to develop large area devices has been proved, using small support spacers to con-

trol the distance betweeo the glass plates.

- The technlque allows the development of curved structures, so far in order to Comipensate the above

mentioned off-axis-characteristics of flat Ovices. Later on, this can be used- in combination

with large area techniques - to assemble piilots visor geofmetries.
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The Application of Diffraction Optics Techniques to Laser Eye Protection

Gloria T. Chisum, Ph.D.
Manager, Life Sciences Research Group

Naval Air Development Center
Code 60B1

Warminster, Pennsylvania 18974-5000

ABSTRACT

Development of a method of protecting the eyes of military personnel from
laser radiation has been pursued for a number of years. The devices developed
have marginal acceptpbility, particularly for aircrew personnel. Efforts
underway to develop a holographic diffraction grating protection device
indicate that such a device is feasible and that the requirements of high
transmittance, multiple wavelength rejection and configuration suitable for
aircrew use cun be met.

INTRODUCTION

Loiers are being used in an increasing number of military situations. The increased
usaQe broadens the potential for hazardous exposure of personnel and the possibility of
eye damage resulting from the exposures. A number of methods of providing eye
protection for personnel who work in a laser environment have been developed or
proposed. Most of the methods utilize a plastic or glass absorbing filter to provide
the required protection. Spectacles and goggles which have been developed for
laboratory personnel have limited applicability in an operational environment.
Spectacles and visors which have been developed for operational situations are
marginally acceptable. The difficulties which contribute to the marginal acceptability
involve both the configuration of the devices, as with spectacles for aircrew use, and
the transmittance characteristics of the devices. The absorbing materials are broad
spectral band absorbers, and in most cases significantly reduce the visible
transmittance of the devices. When the devices are configured to protect against more
than one wavelength in or near the visible spectrum, the transmittance is too low to be
useable in many flight environments, and in most other operational environments,
particularly in low light conditions. In addition, the spectral distortion produced by
the spectrally selective fiJters reduces the acceptability of the devices. Because of
these deficiencies, efforts to develop a more satisfactory method of providing laser eye
protection in a multiple wavelength environment have been continued.

PROTECTION ALTERNATIVES

Dynamic solutions to the problem of laser eye protection have not been explored in
depth because of the extremely rapid exposures which are involved, particularly if a
pulsed laser is Q-switched. Other efforts to develop dynamic eye protection devices for
use in much less demanding temporal conditions resulted in the conclusion that dynamic
technology for use in protection against Q-switched laser pulses is not yet available.
An approach which seemed to offer the greatest likelihood of success was one which could
provide very narrow band, high rejection level filte-ing. If such a filter were
possible, a fixed filter which rejected the threat wavelengths could be worn in all
light level conditions if the number of threat wavelengths in the visible region were
not so great that the visible transmittance would be significantly altered. This method
of protection, the bnnd rejection method, requires that the wavelengths to be rejected
be specified. However, laser technology is reasonably well known so that the lasers
which have high potential for use in ranging, detection, communications or even weapons
can be specified with a high degree of confidence for at least the immediate future. An
exploration of the possible alternatives for providing the narrow band rejection filter
raised the possibility that laser technology might be applied to the problem. The goal
would be to develop a band rejection filter implemented as a layered diffraction grating
mirror applied to the pilot's eyewear. Such a device would meet the requirement for av multiple wavelength laser eye protection device.

-I HOLOGRAPHIC DIFFRACTION PROTECTION DEVIC3

Theoretical analyses of the feasibility of a holographic device involved the
determination of the rejection efficiency which might be expected in a diffraction
grating, or hologram, the physical configuration which would be required to provide the
necessary protection, the possibility of using multiple holograms to provide the
multiple wavelength protection required and the minimum wavelength bandwidth which could
be provided in conjunction with the high rejection levels required. The analyses
indicated that the high efgcency rejection, the narrow wavelength bandwidth, the widevic

angular bandwidth and the geometric configuration of a visor or spectacle applied device S
were feasible, and that the technical problems involved in producing such a device were
solvable.

In order to have a satisfactory eye protection device, it is necessary that a narrow
constant wavelength rejection band be provided for a relatively wide -ngular band. The

I I I I - 'ii
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constant wavelength protection is necessary if the mission of the device is to be
fulfilled anJ to avoid spectral distortions across the visual field. Two factors
determine the angular and wavelength band rejection of a diffraction grating. They are
physical parameters, such as grating layer spacing and index of refraction, and the
device geometry. The processing methods used to fabricate a holographic grating
determine the physical parameters, and can be optimized to provide the angular coverage
required but not without broadening the wavelength rejection band. However, in
conjunction with the geometric design of a visor, spectacle or goggle the overall design
can be optimized to obtain the angular coverage required with acceptable wavelength bane
rejection.

The overall op-imized design is achieved when light at the design wavelength is
diffracted away fro., the device directly back in the direction of incidence. It became
apparent early in the development effort that in order to protect both eyes with a visor
or spectacle, separate diffraction gratings would be required for each eye. Thus for
each protect've wavelength two holograms would be required. A three wavelength visor or
apectacle would require at least six holograms, a four wavelength device would require
at least eight holograms.

An important consideration in the design of a holographic eye protection device is
the distance between the device and the eyes. A diffraction optical element depends on
Bragg reflection which is angle sensitive. The rejection efficiency, therefore, is
angle sensitIve and the device design is constrained by that sensitivity to the extent
that any incoming ray which -night enter the eyes must be within the efficient Bragg
reflection envelope. The range of angles over which a single point on a device must
reflect is a function of the size of the effective pupil which must be protected. The
effective pupil size depends on the maximum diameter of the pupil of the eye, the
maximur excursion of the eyes in eye movements, the minimum and maximum interpupillary
distances of potential users and the precision with which a device can be repeatedly
aligned on a wearer. An example of the "pupil* which must be protected as it applied to
a visor is shown in Fig. 1.

MAXIMUM PROTECTIbN ANGLE

EYE PROTECTION VISOR

VISORSAFE DISTANCE.
PUPIL d
DIAMEER.

K,

Figure 1. Pupil size and visor distance determine the
atximum protecticn angle required. (1)

* . .

The same considerations applies to a spectacle or Voggle. Fig. 2 shows the angular
coverage required to protect a "pupil* for one combination of visor geometric
configurations. 2n this instance, the maximum angular rejection at peak off iciency
required is 27 degrees.

A'
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! 22
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VIEWING 3
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PRO"ECTION 4.5
ANGLES-

Figure 2. Protection angles necessary for 90mm visor
distance, 40mm pupil and 115mm visor radius. (1)

A summary of other configurations is shown in Fig. 3. The final design of the device
must be a trade-off between angular rejection of the hol,3rams, device positionin9 and
number of holographic layers required to protect tuiu effective pupil.
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Figure 3. Maxim=m protection angle required as a
function of visor distance. (1)
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The high efficiency holograms required for protection have been constructed in botha glass mock-up and prototype plastic visors. The optical quality and rejection levelsof the mock-up, are excellent. The quality of the single wavelengtih visor prototype isvery good when it is recognized that no investment has been made in molds to fore thevisor or tooling to facilitate holographic layer transfers. Handling of a visor sizedmicron thick layer of gelatin is tedious, and a small folds can easily occur in thegelatin layers. ToolAng for hologram transfer from exposure and treatment optics to thevisor is essential for satisfactory visor construction. The most recent contract inthis effort requires delivery of a two wavelength visor mock up.
A final area which must be considered is the stability of the protection• device.Moisture is the problem which most significantly affects construction and stability of aholographic device in which the holograms are formed in gelatin. Plastics arehydrophobic. The gelatin is moist. In order for the gelatin to adhere to plastic,special treatment of the plastic is required. The gelatin absorbs moisture. Thewavalength at which the hologram operates is a function of the amount of moisture in thegelatin. All of the exposures for the grating constrnotion are made at a wavelength towhich the gelatin is most sensitive and at which high exposure levels can be achieved.The wavelength at which the hologram operates is then Adjusted by either adding moistureto swell the qelatin and increase geating line spacing or by removing moisture to shrinkthe gelat3n and decrease the line spacing. When the proper moisture content isachieved, the holograms must be sealed to prevent further changes in moisture content.The problem of sealing in plastic which is permeable to moisture has been difficult tosolve. A satisfactory solution has yet to be demonstrated.

CONCLUSIONS
The feasibility of a holographic laser eye protective device for fixed, specifiablemultiple wavelength protection has been demonstrated. Most of the problems involved inproducing such a device have been verified as solvable. Some, such as the moisturebarrier, remain to be verified. Completion of the program will be expensive %addecisions regarding the future of the program must still be made. The finalconfiguration of an eye protective device both in terms of the geometric configurationand the wavelengths to be protected against will be made in the future.

RBP3RXNCRS
1. Johnson, Kenneth C. and Gaylord Z. Moss, Hughes Aircraft Company, Laser Eye

Protection,# Report No. FR79 27-996; ADAll2305, July 1979.
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FOVEAL FLASHES AND HUMAN PERFORMANCE

D.I.Randolph, PhD, DAC; E.T. Schmeisser, CPT, MSC
E.S. Beatrice, COL, MC

Letterman Army Institute of Research
Presidio of San Francisco, CA 94129-6800

APSTRACT

The increased use of low power l.sers an rangefinders and target
designators by both NATO and the Warsaw ?act troops has raised
speculation about the effects of brief ocular exposures upon some
facets of militarily relevant human performance. rhe military pilot
is both susceptible and vulnerable to flashes of light in both
daylight and nighttime combat. Until recently little attention had
been directed toward the use of lasers as "-*'a;h" sources.

We wished to determine the role oi several variables in the
production of a flash which would reduce Uhe ability of humans to
detect and discriminate targets, functions which are required of both
air and ground troops.

Four volunteers were exposed to Xenon gas discharge tubes with
different retinal .pot sizes and flash durations. The Lask consisted
of a reaction time experiment in which the subjects detected both the
presence and orientation of a striped grating which subtended 0.570
at the retina. Three grating contrasts (14.3, 119.5, ind 71.7%) at
three pattern-background cortrasts (16.7, 40.L, and 70.0%
respectively) were presented in a pseudo random order. Three flash
conditions were used: a retinal spot size of 0.092 mm at 0.08 J/cm
sr had a 2 usec flash duration, 22.94 mm, and 0.09• mm flashes were
present for 500 usec at 0.11 J/cm sr and 0.12 J/cm sr. The results
showed that the larger image size and longer flash durations produced
significantly poorer performance on both the detection and
discrimination tasks. For the smallest retinal spot size, ard the
shortest flash condition, the detection but not the discrivination
times were faster than in the non-flash trials. This indicaled that
while the flash may have acted as a preparatory signal, more complex
pattern processing remained sensitive to the flash.

While these data are for "laser simulation" flashes of brisf
dur'ation, the implications for the military aviation community of
directed energy use in combat may require retraining of combat pilots
to avoid or reduce Lie effects of intense light sources.

The ability to det'ct objects following exposure of the eyes to very bright r'a~hes
of light has been studied extensively. These earlier research efforts (i,21 were
primarily directed toward the prediction of specific flash effects as a resul'. of
viewing an atomic fireball. Flash recovery was measured for practical tasks, '.e. time)
to read aircraft dials, and the maintenance of flying attitude (3, 4). In
investigating these variables, other aspects of flash effects were not considered
important at that time. Thus, with a few exceptions (2), wavelength, retinal imag- *Ize
and location, duration and repetition rate of the flash were not studied in depth. in
addition, precise visual attributes of the target, such as the relativw contrast o' the
target against its background and the role of the contrast of elements within the
target itself were rarely considered as variables. Specifically, the effects of a flash
of light upon the perception of low, medium, and high contrast gratings against a 1cw.
medium, or high contrast background have not been studied.

During the 1960's, investigators (5) recognized luminance of the display as a
critical variable. Both reaction time and recognition time were reduced as the target
luminance was increased. The target most often usad was a black Landolt "C", but its
contrast with the background was seldom reported.

The use of bright white light sources to evaluate flash effects and recovery
criteria is a first attempt to approximate the effects of brief laser flash exposure3
They differ, however, in scveral important respects. First, a laser is coherent witia
essentially parallel rays of light entering the eye. This beam is then focused into a
nearly diffraction, limited spot of 20 to 50 microns in diameter of the retina. White,
incoherent light rays spread out more rapidly, resulting in a larger retinal spct.
Second, a monochromatic source such as a laser may differentially affect rods or cones
resulting in recovery times that may be significantly different than those under white
light conditions (2). A third difference is in the pulse Xidth available with lasers.
A Q-switched system may deliver pulses in nanoseconds (90- sec), whereas the fastest
xenon flash is limited to approxiiiately 1 usec (1 x 10" sec). This difference in the
pulse width may also be reflected in the mode of retinal interaction (mechanical vs
thermal).
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Giniberg et al (6) indicated that perhaps visual acuity is a less appropriate measure
of visual function when the task required is not acuity-dependent. A more meaningful
measure of visual function may be the relationship of target contrast to flash variables
such as duration, retinal image size, and tne subsequent recovery of both the ability to
detect and ability to recognize these targets.

In the present study, we examined the recovery time to detect and recognize the
orientation of gratings following a white light flash of two durations and two retinal
image sizes for three levels of targeto-background and within target contrasts.

METHODS

Four observers gave informed consent and volunteered for this study. The display
and exposure Optics are schematized in Figure 1. A square wave grating was projected
onto the ground glass screen gSc) and reduced in contrast with a second beam (L2). The
grating field subtended 0.57 visual angle; the surround 4.370 (square aperture).
Three target contrast levels were used, 12.9, 49.5, and 71.1%. The grating contrast
(black vs white bars) varied simultaneously in one of three steps, 16.7, 40.0, and 70.%.
Percent contrast is defined as:

(Target - Background)x 100

(Target + Background)

P2 ~6~X

KG3
AD

FL I BS 2

L N.D1Sc STEY
ND AP

FR

Figure 1. Sootmatic of optical arrangement: P1, target projector;
P2, backgro!.nd projector; ND, neutral density filters; 8S 1 8 2,
pellicl4c; SC, ground glass screen; AP, aperture; FR, surrounding
fra,6; fL, fixation light-emitting dioda; N, swing firat surface
mirr.ar; ST, sighting tube; X, xenon flash lamp position; 9YR, eye
position; KG3, infrared absorbing filter.

,* A fixation and accommodation target (FL) was optically superimposed on the grating
position. A swinging mirror assembly (M) was positioned in front of the subject. It
had a 4.5 msec lag time and a 52 msec swing time to clear a sighting tube aperture. A
trial began with the removal of the swinging mirror from the optical path revealing the
grating. At this moment, a flash may or may not have occurred.

Two flash lamps were used under three conditions. A Honeywell Auto 880 Xenonphotostrobe with and without a 1.5 mm aperture, and an EGG FX280 Flashlamp. Table I '

shows the source radiation following appropriate infrared (KG-3) and neutral density
filtiring. Table 1 also compares the source radiance of the two lamps with the maximum
permissible exposure limits (MPE) for an extended source as calculated from TB-MED 279(7). N

The volunteer was given two controls: a t'•ggle to signal detection of the target
spot, and a Joystick to signal orientation of the grating pattern superimposed on the
target. The controls were connected to millisecond timers. Trials were presented in

LiT
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Table 1

Summary of Flash Lamp Characteristics

Lamp Aperture Visual Retinal Source Flash MPE
Angle Spot Sine Radianoe Duration

IHoneywell (L2) 1.5 mm (0.310) .092 mm 0.08 J/cm2 sr 500 usec 0.79 J/cm2 srS~Auto 880 (L3) 48 mm (9.90) 2.94 mm 0.11 J/om2 sr 500 usec

EG&G (LI) l.o mm (0.310) .092 mm 0.12 J/cm2 sr 2 usec 0.13 J/cm2 sr

Table 1, summary of flash lamp sine, retinal image sine, source
irradiance and flash duration used in the present study. These are
compared to the NPEs for an extended sovrce for the 2 flash dura-
tions. The designatiuns Li, L2, and L3 refer to the lamp data shown
in Figures 2,3, and 4.

presented in runs of 10 each at specific target and grat•ng contrasts pseudorandomly
arranged across the session for each subject. Each contrast was repeated once resulting
in a matrix of 60 trials per lamp, 20 at each contrast. Flashes were presented on 20%
of the trials, two in each block of 10 constrained so that no flash would occur sooner
than three trials after a previous flash. A training session of 12 trials without
flashes preceded each session of 60. Each lamp was run on a separate day.

Three-way analyses of variance were run on the results for detection and
discrimination data separately and broken out into two-way and one-way analyses where
needed. Interactions were analyzed with Bonferroni's test(8). Subject by contrast by
flash/no flash interactions were analyzed as were subject by contrast by lamp
differences. The flash data were normalized to the nonflash data for each subject.
Means and standard deviations of flash responses were calculated from these normalized
data to determine if a significant training effect existed for any lamp.

RESULTS

Figures 2 and 3 show the reaction time data for all four subjects (Si-l) for all
three lamp conditions across the three target contrast levels (L, M, H). for detection
and discrimination of the grating under flash (dark bars) and nonflash conditions.
False responses were eliminated from the database. With the exception of the EGG lamp
detection data, all flash lamps significantly degraded performance in detection and
discrimination. (p < 0.05). Differential effects by contrast of target were shown oaly
for the large spot Honeywell flash lamp (L3) where the lower the contrast, the longer
the detection time (p < 0.05). For all three contrast levels, each flash lamp's effect
was significant, with the 1.5 mm, 2 usec spot (Li) actually producing faster detection
times than in the no flash situation. Even though the subjects were different (p<O.01),
all showed the same pattern of effects, merely to differing degrees. Figure 4 shows the
normalized and averaged trend data for the flash trials. All training or
familiarization trend effects appear to be nonsignificant, as the means of the
normalized flash data do not fall outside of the 95% range (dotted line) although the
large Honeywell flash lamp (L3) reaction time data appear suggestive of such an effect.

DISCUSSION

Since the small retinal spot diameters (0.92 mm) approximate the flash one would
receive from a laser source, the results of the two flash durations are highly relevant.
For detection, the effect of the 2 usec, 1.5 mm xenon flash (LI) was negligible except
in those instances where the trend actually reversed (i.e. the subject responded faster
in the presence of the flash than in its absence). This difference was significant
00<O05) only for two subjects. Discrimination, however, was significantly delayed in.•
all subjects. For 500 usec pulses, the flash effects for detection and discrimination

were significantly longer when compared to the no-flash situation, but ordered effects
by contrast were not significant across subjects. When the lamp size was increased to
9.90 visual angle (2.94 mm on the retina), the detection and discrimination times
increased dramatically and effects of contrast were apparent for all subjects.

CONCLUSIONS

The combination of small spot size (92 u) and short flash duration (2 usec) produced
minor disruption in the observers' ability to detect and discriminate targets of varying
contrasts. When the image size was unchanged and the pulse width increased to 500 usec,
major differences appeared in both the response times to detect and discriminate the
targets when compared to the no-flash conditions. An ordered effect of contrast was
also apparent. At the largest flash field and longest duration, these effects were
amplified. The relationship between pulse width and spot size has not been explored
sufficiently. In these data it appears that the amount of time the eye is exposed to a
flash may be more important than the actual spot size.

4
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Figure 2. Reaction time data for target detection for all subjects
(SI-S4) arranged by lamp: L1, EGG FX 270 1.5 mm; L2, apertursd (1.5
mm) Honeywell Auto 880; L3, open (48 mm) Honeywell 880. In each
panel, the first bar of each pair is the non-flash data; the second
is flash data; the first pair describes low contrast target data; the
second medium; the third high contrast. The error bars are + 1
standard deviation. Note independent vertical time axes for each
panel. The asterisks indicate significant differences between flash
and flash condition (p<0.05).
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Figures . Reaction time data for target discrimination.
(Arrangement as in Fig I1. ALL fLash-no-fLash differences are
significant (p'O.OS).
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Permanent Visual Change Associated with Punctate Foveal Lesions

H.Zwick, PhD, DAC, K.R.Bloom, BA, DAC, COL E.S. Beatrice, MC
Letterman Army Institute of Research

Presidio of San Francisco, Ca 94129-6800

SUMMARY

In order to understand battlefield hazards of laser exposure
under field condJtions, it has been iiecessary to evaluate effects of
small punctate foveal lesions on visual function of non-human
primates. Previous experiments have found a cor;'elation between
functional loss and -- veal damage. The present investigation showed
that detecting the effects of small foveal lesions -- those that might
be produced under field conditions-- is not an easy task. From the
results of this investigation, we forsee the possibility that
considerable foveal dp- age could occur before a measurable change in
visual function coul, be detected with presently available visual
function testing procedures. We recommend more sensitive visual
function test procedures, such as clinical tests that measure both
spectral and spatial resolution under threshold contrast conditions.

Normal human vision is an integral part of any specific combat scenario. Protection
of the human visual sensor, as well as a thorough understanding of how noxious combat
exposure conditions might alter its function, !s essential to the success of any
military mission.

In recent years, the combat threat from directed energy sources has become
increasingly obvious. Laser rangefinders, laser designators, and potential laser weapons
all pose a unique hazard to the human eye. For this reason, knowledge of how various
modes of light exposure can affect vision, the m~chanism of photic damage and recovery
that the visual system can mediate, and development of clinical test apparatus for
early and preventive ocular medical treatment have become critical mission necessities.

For many years, retinal lesions produced by intense light exposure were thought to
result primarily from thermal changes produced at the retina although some early work
had suggested a non-thermal damage component (1,2). Recent investigations (3,4,5,6,7) of
acute intense light exposure revealed that photically induced retinal lesions could be
produced by non-thermal as well as by thermal mechanisms of light damage. Other
investigations (8,9) of a slightly different type, where the effects of prolonged
exposure to environmental light levels were investigated, suggested that night visual
function might be transiently impaired following prolonged exposure to bright
!nvironi"ental lighting conditions. More recently, animal investigations (6,10) have
demonstrated that chronic exposure to visible spectral light at levels not capable of
producirg thermal retinal changes can cause significant alteration of the color vision
photoreceptor mechanisms. Changes in spectral sensitivity for increment threshold
criteria, for visual acuity criteria, and for retinal electrophysiological criteria have
been observed followibg such exposure (4,6,10,11).

With the development of laser sources, another potential damage modality of light
on the visual system was created. The Q-switched laser can produce pulses as short as 2-
20 nsec. It may create effects that involve acoustic/mechanical shock. For visible
wavelergths, Q-switched pulses may involve all three damage modalities (acoustic
explosion, thermal burn, and mechanical disruption).

Typically, investigations of Q-switched laser exposure effects have typically
concentrated on large foveal exposure areas at levels that alw.ys produced gross foveal
damage (4). In such experiments long-term effects on visual acuity and spectral visuali• •function have been reported (4,12). Total foveal damage results in acuity changes from

20120 Snellen acuity to 20/200 Snellen acuity. It has been postulated that this initial
acuity deficit results from the edemwtous process associated with such a severe retinal
injury (4,13).

After several weeks such changes usually have been reduced to levels more
consistent with expected foveal acuity loss, if only the central foveola was damaged.
While the abatement of the edema may take several weeks, recovery of function continued
over several months (4). 1he explanation of such recovery may reside in observations
made by T'so (13), who found that gross morphological photic damage to the macula of the
rhesus monkey abated over several months post-exposure. Animals sacrificed at six monthspost-exposure showed near normal foveal macular areas as compared to animals sacrificed
earlier. 7'so (13) suggested that in the course of post-exposure recovery,
photoreceptors adjacent to damaged photoreceptors slide into areas originally occupied
by the damaged receptors, filling in the foveal retinal receptor mosaic. This finding
may explain how overall acuity oan recover while spectral sensitivity for the fovea
remains altered (12); new cones may provide the resolution mosaic necessary for acuity
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but, because of different absorption spectra, they alter the overall spectral
sensitivity of the fovea itself.

Several recent experiwents (4,14) have suggested that acute exposures can have non-
thermal components, especially at energy levels determined for the transition zone from
temporary to permanent visual function change. It is possible that such foveal retinal
damage mechanisms could not be elucidated in studies similar to those mentioned above,
where the entire foveal region has undergone gross damage. Furthermore, in most of the
investigations where suprathreshold exposures were made, the exposures were placed when
the animal was under anesthesia. Thus, examining the immediate transient alteration of
visual function was impossible. Measurements were only obtainable two to three days
post-exposure when the animal could respond.

Small spot, Q-switched, repetitively pulsed laser exposures represent a realistic
hazard. Such exposure can occur with present day laser systems, either in training or
in combat. The immediate effects of such exposure on vision are no,. resolved. in the
present experiment, we have sought to examine the effects of small spot laser exposures
that were placed on the fovea by behavioral procedures. We have stu ied the rhesus
contrast sensitivity function to determine how such exposures might alter spatial visual
function for both transient and long-term observations.

METHOD

The optical system used in this experiment is shown in Figure 1. The raw beam from
a frequency doubled neouymium laser source (532 nm) operating at 20 HZ was made coaxial
with the gap in a Landolt ring acuity target subtending 1 min of arc (20/20 Snellen
acuity). Exposure during a session consisted of one to three bursts of six 20 nsec
pulses delivered within a 300 msec time window. The nominal total intraocular energy
(TIE) per pulse for a 3 mm pupil, averaged 1-3 microjoules This energy level is within
the threshold region for producing minimal ophthalmoscopically visible retinal burns.
Due to the parallel nature of the beam, exrosure resulted in diffraction-limited retinal
spots (20-50 microns).

M R V_! ECT°R

DIFFUSERI FRONT SURFACE 1DBDN
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ND FILTER r- SPLITTER
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L PELLICLEi SHUTTERI

HOLTER N.DWOL ER NDGE PROJECTOR

- ANGENT SCREEN - HTIR
ASINDICATOR LIGHT

-• h SUBJECT

Figurve 1. Alteration# in contrast eensitivity were examined
.ollowing *zpoaures to a Q-svitohod fvoquenoy-doaubled noodym~isn laser
(5S2 nm) operawsd at a 20 Neort pulae repetition fi..quonoy. Tho
optioal design alowed for ptaoex, _of the ae ir beam •ooaxial with a
0.76 min are gap in a Landolt ring, producing diffraotion-imited (W'
mioron) retinal exposures.
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Landolt rings and rings without gaps were projected onto a ground glass rear
projection screen located about 0.5 meters directly in front of the rhesus monkey. All
of the stimuli were negative contrast achromatic (white figure on a dark background)
targets so that an independent light source could serve as a background contrast
channel. Because the luminance of the background channel was additive with the target
luminance, the contrast ratio was defined as the luminance of the test plus the
background, minus the background, divided by the sum of the luminance of the test plus
two times the background. Contrast sensitivity was defined as the reciprocal of the
contrast ratio required at threshold for accurate discrimination of the acuity stimuli.
The gap size of the Landolt rings varied from 0.7 to 14 min of arc. This range of
visual angle is equivalent to spatial frequencies from 38.5 cycles/deg to 2.2 cycles per
degree.

Four rhesus monkeys (Macaca mulatta) were trained on a Landolt ring visual acuity
task (12,14,15) in which exposure-TF aser flash could be administered during task
performance (4,14). Training required 6 to 9 months for each animal to discriminate
Landolt rings from gapless rings successfully, and several additional months for stable
threshold acuity measurements in each animal. Briefly, this behavioral procedure
required that a response lever be depressed and held down by the animal for a variable
period of about 3 seconds following the presentation of a small white spuL of lighL. Tne
acuity target (either a Landolt ring or a gcpless ring) would then be presented for 50n
msec on the rear-projection tangent screen facing the animal. If the animal released the
response level only following the offset of the acuity target, two additional response
panels were illuminated, displaying a Landolt ring and and a gapless ring. Positive
reinforcement (fruit juice) required that the animal depress the correct panel, matching
the stimulus target presented. Correct delayed forced choice matching responses zaused
subsequent targets to be presented at reduced contrast levels, while incorrect responses
resulted in increased target contrast on the next trial. Target contrast was controlled
by the use of circular neutral density wedges. All animals had pretraining refractive
errors of less than 1/2 diopter; all had normal-appearing retinal fundi prior to
exposure. Reexamination of any given animal's retina was generally given after all of
its expozures had been completed.

Contrast sensitivity for Landolt ring test stimuli was determined by an up-and-dos:n
visual tracking procedure (4,12,14,15), allowing rapid determination of threshold.
Animals were trained to yield highly stable baselines with minimal variation across

sessions. A stability criterion of approximately 0.2 to 0.4 log units in contrast,
maintained over a 30 to 60-minute period for several sessions was generally required
before the animal was placed tn the exposure paradigm. The effect of binocular laser
exposure on contrast sensitivity was determined for one spatial frequency each session,
as long as post-exposure measurements ua the tesbed spatial frequency returned to its
previously determined session baseline levels. Contrast sensitivity measurements over
the entire spatial frequency spectrum were made periodically between exposure sessions
to determine long-term changes not observable in the daily exposure sessions.

RESULTS

Recovery of contrast sensitivity fcl 3wing laser exposure for a large target
(20/267 or 2.2 cycles/ degree) and a small target (20/15 or 38.5 cycles/deg) is shown in
Figure 2. The ordinate represents the percent deficit of postexposure sensitivity
relative to the sessions baseline sensitivity before exposure. Sensitivity averaged
over 2 - minute blocks following exposure shows similar transient changes for large and
small targets, both in maximum deficit and time course of recovery to baseline. Figure 2
shows recovery functions for a single animal, however the results are representative of
the transient deficits observed for all subjects.

Data derived from recovery curves (Figure 2) for each of the four animals show that
recovery time is nearly uniform across the spatial frequency spectrum. Mean contrast
sensitivity at 2,6, and 16 minutes post-exposure, across all exposure sessions for each
spatial frequency, is shown in Figure 3. For each of the four animals, the decrease in
contrast sensitivity appears to be uniform across spatiel frequencies. Both small and
large targets showed little recovery during the first 2 to 4 minutes postexposure.
After the initial 4 minutes postexposure, recovery was evident, with return to baseline• ~by 16 minutes.

Repeated exposure trials had no initially observable long-term effects on contrast
sensitivity. However, after several months differences in the slopes of the post-
exposure contrast sensativity functions became evident (Figure 4) for three of the four
animals tested. The change in slope was a steepening due to an increase in the contrast
sensitivity for the larger sp~ilal frequencies, while sensitivity for the finer
frequencies showed minimal change. In -ne of 'these animals (S3), expostre was continued
until contrast sensitivity was no longer obtainable at the finest spatial frequency.
Full spectrum sensitivity measured after this loss of foveal function (Figure 5)
revealed a more shallow slope for the contrast sensitivity curve, approximating that of
the preexposure function. Coincident with the loss of fine spatial frequency
sensitivity there was a return to preexposure level for sensitivity measured for the

$ largest spatial frequency targets.

Fundus observations of animals examined after the completion of all laser exposure
sessions revealed small punotate lesions in the foveal areas including the foveola. A
representative fundus photograph of such a retina is shown in Figure 6.

71t7
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Figure 3. Data derived from recovery curves was used to examine
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Figure 6. Fundus obeervations of animale examined after the
completion of all laser exposurei revealed small psnotate lesions in
the foveal region, including the foveola. The fundue photograph
above, taken from one of the animals, showa the central pattern of
lesions consistent in aixe with minimal spot retinal exposuree.

DISCUSSION

The transient changes in sensitivity obtained for exposure conditions used in this
experiment differ considerably from those obtained in experiments where foveal damage
was more complete or where exposure duration was considerably longer (100 msec). In
experiments where foveal damage was more complete, long-term changes in achromatic
acuity were measurable as long as six to nine months post-exposure, and where acuity
recovery had been obtained, spectral acuity and sensitivity measurements still revealed
a basic change in foveal function (10). In investigations where longer pulse widths (100
msec) and spot sizes from 50 to 350 microns were used, a transition level between
permanent visual change and transient visual change was typically found, although
smaller spot exposures did require higher transition level exposure energies (4).

More than one experimental factor may be responsible for the present results. The
current experiment dealt with irradiation spot sizes of about 50 microns compared to
spot sizes varying between 500 and 1000 microns used in previous Q-switched exposure
experiments of the present type. The transient effects observed here may reflect similar
damage processes observed with larger spot size exposures, but related to a more
limited area of foveal damage. Transient recovery functions might reflect the spread of
local edema from the exposure site and the subsequent reduction in its local opacity.

Following such possible edema abatement, a sufficient number of foveal
photoreceptors may initially still be available to mediate normal spatial vision
processes, even though photoreceptor damage has occurred. With continued exposure, as
was the case here, a sufficient number of foveal phot~,reoeptors may eventually become
damaged producing the observed alteration in the slope of the contrast snssitivity
fenction. The etevation in sensitivity for the larger gap sizes may reflect foveal cone
damage manifested by a disinhibition of the normal lateral inhibitory influence of
foveal cones on parafoveal receptor systems; alternatively it may reflect more
parafoveal involvement in the contrast sensitivity measurement as foveal photoreceptors
are gradually damaged. As exposure continues, more spatially spread out damagt mayproduce a permanent reduction in sensitivity, generalized over much of the spatial
frequency spectrum. Furthermore, fine tuning of the retinal mosaic by local receptor
alignment adjustments might serve as the mechanism for masking initial loss in fine
acuity (16,17). Morphological evidence for such mechanisms has been reported for rodent
and primate photoreceptors (18,19,20,21).

The wavelength of the laser source (532 nm) is another factor that differs from
previous experiments using Q-switched exposures. All previous experiments involved laser
wavelengths either in the near infrared (106Onm) or long wavelength region (694 nm). The

-A . . .. - _ _m m _ _"'.. . .. . .. .
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wavelength used in the present experiment is very close to the peak of the photopic
sensitivity function (550 nm) and uniquely situated with respect to the absorption
maxima of the tvco long wavelength cone pigments (520 and 575 nm). Thus, effiuiiency of
such Q-switched exposure to alter visual processes either transiently or permanently
should not be o,.?rlooked. While edema may contribute to the short-term change in
function, photochemical dam3ge processes found in many other experiments may account for
the longer term changes in contrast sensitivity. Even transient changes may result from
cone photoreception of 532 nm quanta, irducing neural spread due to receptor overload.
Thp failure to observe more obvious permanent change may simply reflect our use of
achromatic acuity targets, In experiments supporting photochemical photoreceptor damage

¶ mechanisms, spectral test stimuli were always used (4,6,10). Spectral test stimuli show
that more permanent effects are either revealed or reflected earlier for such measures
of visual function (4),

Finally, the pulse specifications for this experiment differed from previous
experiments. In this experiment Q-switched pulses were delivered in a pulse train.
While no previous functional work has been done with Q-switched pulse trains of visible
light, morphological investigations (22,23) involving threshold determinations for
retinal burn suggest that such thresholds are lower than those obtained with single Q-
switched pulses. Such pulse additivity might also contribute to the transient effect, as
early work in our laboratory with single Q-switc~hed pulse exposure often produced
effects that were delayed up to 60 seconds. More recent electrophysiological work (24)
confirms these findings. A single minimal spot Q-switched pulse may be capable of
producing retinal damage, but still may be insufficient in signalling the initial visual
event involved in quantal absorption by the photoreceptor chromnphore. But when Q-
switched pulses are presented together in a train of pulses lasting several hundred
milliseconds, the visual event may be a~propriately signaled to the neural retina.

Thus, while gross foveal damage from large spot, Q-switched laser sources would
provide an obvious clinical signal that vision has been altered, small-spot exposure
might not provide as obvious a signal. Furthermore, as many present military
rangefinders and designators involve non-visible wavelengths, retinal damage could occur
without any obvious change in vision.

Novel military clinical visual function tests may be required for detection of
retinal injury. Measures of visual acuity, alone, would not show the
inhibitory/disinhibitory nature of retinal alteration as seen by the slope changes in
contrast sensitivity reported in the present experiment. Conventional sine wave grating
contrast sensitivity measurements may also be insufficient, as they are designed to
treat the retinal surface as a detector with uniform sensitivity. Clinical tests that
measure both spectral and spatial resolution under threshold contrast conditions
represent the most sensitive kinds of visual function tests capable of early preventive
diagnosis. As training and combat requirements involve ever-increasing usage of directed
energy devices, the development and evolution of appropriate visual function tests must
be given the highest priority.
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Papers 18 and 24

24. Dr Zwick - US - Permanent Visual Change Associated with Punctate Foveal Lesions.
18. Or Farrer - US - Eye Protection Against Intense Light Sources.

Punt NE: A question concerning the relation of the exposure time to the anatomy of the retina. is it not
possib M to obtain more information by means of fluorescein angiographic methods because the electro
physiological methods only give results of the total system and I think not enough concerning the details
of the retina?

Farrer US: Yes, we have -ade fluorescein angiograms dnd documented the events which you describe. Keep
in mind that the fovea centralis has no vascular supply, so the lesion has to be very dramatic and
penetrate the entire thickness of the retina to produce injury at the substrate layers in order to get a
haemorrhagic lesion in the foveal region. The events about which we speak, are to the biologist,
instantaneous. The decrement that we see from these large lesions is for practical purposes also
instantaneous. I realise that the physics community make a dramatic issue of the time lags that can be in
nanoseconds or microseconds and this is an event that I neglected to mention in looking at the plexiglass
materials. One of the hopes for eye protection, one of the hopes for enhanced materials, is the ability
to be able to capitalise on the fact that there is a delay, however minute, between the deposition of
energy on the canopy and the re-radiation event which we saw as the plasma re-radiation. It is, perhaps,
possible to develop new materials for canopies which will exploit these delays and give us an opportunity
for eye protection in that regard. To answer your question again, more succinctly, for practical purposes
the visual function decrement that we see is instantaneous with these dramatic lesions caused by lasers
well above the threshold level. If we did not see the decrements instantaneously, in the biological
sense, then we have not seen them in rhesus monkey models. I have not seen delayed reactions.

Brennan UK: I think your point about fluorescein angiography is very good. When we used fluorescein
angiography we found it was a much more sensitive technique for the detection of damage than
ophthalmoscopy. It is not as sensitive as histology, but you have to remove the eye and section it for
that, at least you can use fluorescein angiography in accident investigations. It really depends on the
fact that the pigment epithelial cells have tight junctions (zonular occludens) between them, and when you
heat up the pigment epithelium you pull apart these junctions so that you get percolation between the

pigment epithelial cells from choroid to retina.

Price US: First, does the PLZT offer any protection against canopy flash that you know of?

Farrer US: Do you mean building a canopy out of it?

Price US: No, does wearing the PLZT protect against flash blindness from the canopy flash?

Farrer US: As the re-radiation is in the spectral ranqe that the PLZT responds to, it would close as a
result of the re-radiated light. The question, of course, is getting it to close rapidly enough to do the
job, bearing in mind that the brightness of the re-radiated flash is material dependent. Some materials
re-radiate more brightly than others. In general the re-radiation is not the dramatically brilliant event
that direct exposure to the laser causes, the re-radiation causes flash blindness not a retinal burn
phenomenon. Under daylight conditions you might only produce flash blindness lasting 2 or 3 seconds.
Under night-time conditions however, you would impose a greater penalty, particularly with material that
re-radiates very brightly, there we project a flash blindness lasting 60 to 90 seconds.

Price US: Yes, I understand that it is flash blindness rather than a retinal burn phenomenon but
certainly in helicopter flight, 2 or 3 seconds becomes critical if you are in a compromising position.
You mentioned that multiple pulse protection was academic against the second, third and fourth pulses if
the energy through the PLZT were sufficient to close it. I was wondering why you made that statement?

Farrer US: It is a good question and I appreciate the opportunity to elaborate a little bit. If indeed
the first pulse were of sufficient energy to produce a catastrophic amount of damage to the eyes, the
mission could be lost and under practical conditions it could be fatal. Any additional damage to the eye
would be academic and that is all I meant to imply. Keeping energy out of the eye is good, keeping as
much out as possible is even better.

Price US: Concerning the temporary impairment that occurs after the initial insult with your animals.
You showed the time of recovery was essentially a normal function, how much of the retina does that
involve? In other words in a human, ho4 much of the peripheral vision would that take out, how many
degrees? I don't know if you would have any way of measuring that.

Zwlck US: It is strictly limited to the foveal area in the rhesus, it is about 200 microns, you can see
how th.3 lesions are clumped, they are clustered in an area of about 100 microns in the central retina, it
should not affect peripheral vision at all. It affects large target measured contrast sensitivity
function but this is not the same as measuring visual fields.

z
Price US: Thinking back, I do recall now you showed that you may have 20/200 vision almost immediately
afte-r that Injury.

1 .4 Zwlck US: No, the flash does affect a 20/200 target in the same manner as it affects a 20/10 target, in
other words measuring the sensitivity of a large versus a small target.

mh ammE mm amm mll m;
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Price US: I wonder if a pilot car fly immediately after exposure, I know if it takes a great deal of timeto recover full foveal sensitivity and normal vision. I wonder hoo long after a microscopic insult it
would take to recover sufficient visual acuity to fly an aircraft.

Zwic% US: I do not know what the relationship is between sufficient visual acuity and the ability to fly
a.a aircraft. it is not a small point, it is a major point.
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VISUAL DIFFICULTIES ASSOCIATED WITH FUTURE WINDSCREEN AND HUD INTEGRATION

A J Hulme - Senior Ergonomist
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SUMMARY

The integration of a binocular HUD and the windscreen requires the consideration of a number of optical
parameters if the HUD symbology is to be superimposed on the real world scene without giving rise to
unacceptable visual difficulties. This paper describes these parameters and the causes of these
difficulties, and reports a number of experiments carried out during these investigations. The
significance of these results for future aircraft and their operations is discussed.

INTRODUCTION

The impetus for this investigation was the report on a battle exercise in 1972, which stated as one of its
principal conclusions that many of tne pilots had not been satisfied with the visual performance of the
weapon aiming facility provided by the binocular HUDs fitted to the aircraft. The problems seemed to be
associated with the focussing of the target marker, but descriptions of the pilots' complaints were too
vague for any definitive conclusions to be drawn. Consequently a working group was convened and an early
action was to seek written descriptions from operational pilots of any unsatisfactory features of the
binocular HUDs they were using. Replies were diffuse and inconclusive. The group finally made
recommendations limiting the vergence angle tolerances on the binocular sightlines to the HUD sighting
mark. However it was felt by the Company that a greater understanding of the mechanisms of the problem
needed to be developed and described. Only then could pilots realistically be expected to comment on
their occurrence. This paper summarises the results of this study and examines its impact with respect
to future ground attack aircraft.

Binocular Vision

In order to be able to experience all the visual aifficulties described here, one must possess both
sustained binocular vision and sustained stereopsis. Sustained binocular vision in this text refers to
the continuous functioning of both eyes and the ability to fuse the retinal images into one percept.

A simple test which the reader can perform to establish whether he has this faculty is to look at an
object about 20 feet away with both eyes. Then raise a thumb into one's general direction of gaze, at
about 1 foot away from the eyes.

While continuing to look at thf object, the possessor of sustained binocular vision will also see twosteadily sustained out of focus thumb outlines. He will be able to move these across his gaze by moving

his hand until one outline lies on each side of the object, whereupon the two thumbs may each appear
steadily or intermittently transparent.

The observer not possessing sustained binocular vision will see at the same time as the object only one
thumb outline, which will always be steady and opaque, or he may see two thumb outlines intermittently.
In this case one half of the visual system is more 'dominant' than the other, and this suppression is a
sort of built in mechanism to prevent double imaging.

Stereopsis is the binocular visual perception of depth or distance. A majority of adults possess this
faculty in some form, but it has become apparrnt that it has considerable variety of form amongst the
population (Richards 1970 and 197i). It appears to be dependent upon feature content, relative
brightness and colour contrast (Uregory 1979). Richards (1970) found in a survey of 150 people that
4% were unable to utilise stereoscopic vision cues at all, and that 10% had great difficulty with them.

Pilot applicants for the Royal Navy are expected to pass a stereopsis test, whilst Royal Air Force
applicants are not. No record is available of how may Royal Navy applicants fail to discern the requiredS~standard of stereopsis.

It will be noted that the effects described herein, will be more obvious to those people with a high
level of stereoscopic acuity.

Visual Difficulties

Three types of visual performance difficulties can arise when target sighting with a binocular HUD.
These are:

i! binocular sighting confusion with ground targets
II double imaging (diplopla) with ground and air targets

Iii parallax shift between sighting mark and target images with ground and air targets.
toBefore explaining these phenomena in detail it may be useful to clarify some of the terminology which will

be used, and then to consider the optical paths associated with a typlzal HUD installation.



25-2

We define the angle LTR in Figure 1 between the two sightlines LT and RT when steadily viewing point T
binocularly as the binocular vergence angle (b.v.a.). We shall regard binocular vergence angle as being
positive in sign when the sightlines converge as shown, as they do for object points being observed in
nature.

Figure 2a illustrates a typical HUD installation. The light from a distant target can be regarded as
parallel. If the windscreen and combiner were perfectly flat, the target light entering the cockpit and
passing through the HUD combiner would remain parallel. The perceived position of the target would be
the same as its actual position. If we now introduce the HUD, with a sighting marker collimated
perfectly to infinity, the sighting mark light from the combiner would be parallel in each eye. Thus the
target and marker images would be coincident in apparent range, and would be perceived by the brain as
a single fused binocular image.

Diplopia and Parallax

If the HUD is adjusted by moving its CRT towards its projection lens, the sighting marker will have an
apparent position much nearer than the target (see Figure 2b). An observer with good stereoscopic
vision will then be able to discern two effects. First, if he fixes his attention on the target the
marker will appear unequivocally double. Fixating on the marker will cause the target to appear double.
This effect is known as binocular diplopia or more commonly just diplopia. The observer will find that
he is able to overcome this double imaging by closing one eye at a time, but in doing so will notice a
parallax shift between the sighting mark and the target.

Binocular Sighting Confusion

In Figure 2c the HUD CRT has been moved away from the projection lens (in order to demonstrate the
third effect of binocular sighting confusion). If the observer now attempts to view the sighting mark
it will appear beyond the target. It may be difficult to envisage a marker 'beyond infinity' but the
optical geometry is such that the sightlines to the eyes have been made to diverge, i.e. there is a
negative sighting mark b.v.a. When sighting a ground target the perceptual process seems to have
difficulty reconciling the stereoscopic cues and the terrain feature cues. The result is either a
blurring of the target or of the marker, and this is frequently accompanied by some form of unpleasant
physical sensation.

This description goes some way to describing the visual difficulties which can occur with a decollimated
HUD. but the issue is whether these effects are observed on aircraft, and if so what can be done to
alleviate them.

Head-Up Display (HUD)

The modern binocular HUD has evolved initially in the UK, where the first Service installation was made
in 1957. (The advantage of collimating sighting marks to infinity had been discovered and developed
on the monocular reflector gunsights in the 1930s). One advantage of the binocular HUD is that by
viewing both sighting mark and target binocularly the pilot gains the advantages of slightly higher
sharpness of vision (binocular visual acuity being about 1.3 times as good as with only one eye) and
gains some sureness of judgement and comfort resulting from sustained binocular vision.

In a perfectly collimated HUD projector, the light rays from the CRT would emerge from its combiner glass
as a perfectly parallel beam. However some manufacturing tolerances are inevitabie. HUD manufacturers
use either the term 'binocular parallax' or the unqualified term 'parallax' to describe the HUD b.v.a.
value. Tight control of the collimation quality receives close attention in both design and
manufacture, and sales brochures for HUDs now claim to achieve binocular vergence angles of + 0.5 mrad.

Early in our investigations it was suspected that the complaints recorded in the exercise in 1972 were
due to the interfacing of the binocular HUD projector to the pilot's vision. Subsequently, an
experimental projector was constructed (see Figure 3) based on an overhead viewgraph projector with
a 3½" diameter lens and a HUD combiner glass. This enabled the binocular viewing of a HUD target marker
with a variable HUD b.v.a., against a number of real world targets. Once calibrated, it enabled the
adjustment of the sighting mark b.v.a. over ± 5 mrad in gradations of 0.1 mrad. Suojects for the first
trials included three test pilots and eleven civilians who had been tested for stereopsis with the
Titmus circles stereo test and had passed its 40 arcseconds stereo acuity test. The targets used
included a house a mile away surrounded on all sides by a hillside background, as a ground target, and
passing aircraft 1.5 miles away as air targets.

The investigation began by viewing the house target. Each subject slowly increased the b.v.d.a. angle
*.• •(i.e. HUD b.v.a. - Windscreen b.v.a.). At a value of between +0.1 and +0,3 mrad subjects began to

notice that the sighting mark appeared to be stereoscopically nearer to the observer than the house.
This then indicated the stereo acuity threshold angle during sighting. Most subjects found it quite
comfortable when the b.v.d.a. was just mure than their stereo acuity threshold. As the b.v.d.a. was
then increased, diplopia started to become apparent at approximately +1.0 mrad and was unmistakable
at +3.0 mrad.

When repeated in the negative regime, a threshold value of between -0.1 mrad and -0.3 mrad was attained,
at which the binocular appearance of the sighting mark remained single and clear, but that of the house
d•thin and around the sighting mark outline began; to deteriorate in clarity in an uncertain and
,ystifying fashion. As this happened, subjects often reported unpleasant sensations in the eyes and
even feelings of nausea. At b.v.d.a. values of beyond about -1.0 mrad, the typical observer found
the effect so pronounced that the equipment could no longer be considered acceptable as a target sight.
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As the equipment was adjusted towards -5.0 mrad, the unpleasant physical sensation intensified so much
so that some subjects refused to continue looking through the combiner glass. It is believed that this
binocular sighting confusion and discomfort result directly from the impossibility of reconciling the
perceptual cues of stereoscopy and the overlapping contours. When repeated with the air target,
if the b.v.d.a. was increased positively similar values for stereo acuity and diplopia were achieved.
In the negative regime values were found to be symmetrical with those observed in the positive regimes.
In this case it appears that the perceptual process is able to accept that the sighting marker's
ranqe is now beyond the target despite divergent sightltnes to the sighting mark.

Further Investigtions

In order to be able to demonstrate more conveniently the principal visual difficulties in binocular
target sighting using portable equipment, a rear vision HUD demonstrator was developed (see Figure 4).
This enabled the experimenter to reproduce the b.v.d.a.'s demonstrated on the viewgraph, i.e. reproducing
identical values of retinal disparity angles. Five test pilots, all of whom had passed the Titmus stereo
acuity test, were asked to find their limits of b.v.d.a. acceptability, in the positive and negative
regimes. For an air-to-ground target a meen positive value of +2.26 mrad (SD 0.95) was attained
and a negative value of -0.36 mrad (SD 0.41). Using an air-to-air target a positive value of +2.85 mrad
(SD 2.2) and a negative value of -2.06 mrad (SD 1.53) were attained. Comparison of the air-to-air
with air-to-ground negative b.v.d.a. values (-2.06 against -0.36 mrad) illustrates the importance of
terrain features in causing binocular sighting confusion..

Insertion of a Windscreen

Following these investigations a flat laminated bullet-resistant windscreen was positioned in front of
the projector at the appropriate installation angle and position. It was found that this particular
windscreen altered by +1.3 mrad the b.v.a. value at which the sighting mark appeared to the observer
to be coincident in range with a target. Wi,ereas the real range of the target was 1.5 miles, its
apparent range when viewed binocularly through the windscreen was therefore 158 feet. Our attention
therefore turned to the optics of the windscreens.

Flat Windscreens

Present day UK Service aircraft fitted with binucular HUDs usually have flat windscreens. Weapon aiming
requirements dictate that these should be of the highest optical quality. They are normally of
laminated construction, comprising a core assembly of glass or plastic, the faces of which are covered
with a thin abrasion-resistant facing. The essential adhesions are provided by relatively soft
transparent interlayers of plastic sheets of such as polyvinyl butyrate. Minute variations in the
uniformity of thickness of these 'interlayers' after lamination is completed, can be a source of
undesired optical angular deviations.

An indication of the manufacturing precision required to minimise undesired optical angular deviations
is given by the fact that a change of thickness of 0.00125 inch over a 1.25 inch windscreen span
introduces a prism with 1 mrad apex angle and therefore close to 0.5 mrad optical angular deviation
in all usual windscreen material combinations (since, deviation = (n-l) x apex angle, for shallow
prisms, where n = mean refractive index). Thus, a central hump or hollow 0.00125 inch high in a
2.50 inch span will introduce respectively -l mrad or +1 mrad binocular vergence angle (binocular

of 1 or 2 inches total laminated thickness.

The optical angular deviation in an as-installed aircraft windscreen can be regarded as comprising a
design component and an undesired manufacturing tolerance component. The manufacturing limits of
binocular deviation required in current UK windscreen specifications vary from 8 arcminutes (± 2.3 mrad)
to 10 arcminutes (± 2.9 mrad). The manufacturers sometimes claim that they are achieving binocular
deviation limits which are considerably smaller than these maxima. Since records of these values for
individual windscreens are not kept, it was decided that a number of windscreens should be evaluated.

One examination showed that 25 out of 30 windscreens acted as cylindrical convex lenses and attained
actual b.v.a. values in the critical aiming area of the order of -1.5 + 0.3 mrad. Assuming a HUD
b.v.a. of ± 0.5 mrad a typical HUD/windscreen installation could be expected to have a b.v.d.a. of
between +0.7 to +2.3 mrad; thus

(HUD b.v.a.) - (Windscreen b.v.a.) = binocular vergence difference angle (5.v.d.a.)

(0 + 0.5) - (-1.5 ± 0.3) =-+l.5 + 0.8 = +0.7 to +2.3 mrad

i , •Comparing this with the values obtained using the experimental viewgraph projector, it can be seen that
the higher values would establish steady diplopia or parallax, wFilst lower values would enable
comfortable target sighting.

Three windscreens acted approximately as cylindrical concave lenses with a maximum b.v.a. in the same
area of +1.2 + 0.3 mrad. Again assuming a HUD b.v.a. of 0.5 mrad, the b.v.d.a. for this HUD/windscreen
installation would be -2.0 mrad to -0.4 mrad; thus

0 + 0.5 - (1.2 + 0.3) = -1.2 ± 0.8 = -2.0 mrad to -0.4 mrad

Hence binocular sighting confusion against ground targets could be expected "n occur with the combination
of a HUD with any of these three windscreens. Two other windscreens were at roximately non-deviating.
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Implications

If we assume that the spread of b.v.d.a. values for the HUD/windscreen installations quoted overleaf,
-2.0 mrad to +2.3 mrad, are of the same order as those present in Service aircraft, then we would expect
the visual difficulties described to occur in some of those aircraft. It was stated earlier that pilots
could not be expected to comment upon the occurrence of these difficulties unless they understood the
mechanisms involved. To this end, the near vision demonstrator was used to explain to about 15 pilots
how the phenomena of diplopia, parallax and binocular sighting confusion could occur. They were then
asked whether they had experienced these effects during the last ten years or so. All had observed
the phenomena to some degree, whilst many cited one or two aircraft in which either diplopia or

¶ binocular sighting confusion had been very pronounced. In these cases they had been assuming that they
were having to deal with 'a bad HUD'.

It is now believed that these problems were likely to have been caused by an optical mismatch between
HUD and windscieen. For this reason it is believed that HUD and windscreen b.v.a. limits should be
such that the combined b.v.d.a. is kept betwepn -0.3 mrad and +1.0 mrad, preferably lying just in the
positive regime.

Future Aircraft

A current trend in aircraft design is the fitting of curved windscreens. The absence of windscreen
pillars provides the pilot with improved forward vision. Some improvement in the aerodynamics can be
another benefit. These aircraft will be expected to have a night attack capability. To achieve this
the aircraft will be fitted with forward looking infra red (FLIR) sensors and, associated with these,
wide angle field of view (WFOV) HUDs.

Curved windscreens are typically of uniform thickness and are made from single sheets of materials such
as polycarbonate. The design shape makes its optical deviation performance close to that of a
cylindrical concave lens, always diverging distant target light rays, i.e. having a positive design
component of b.v.a. (binocular deviation). The b.v.a. of a wrap-around windscreen is directly
proportional to its thickness and inversely proportional to the square of the local radius of curvature.
A typical value would be about +2mrad for a 1 inch thick windscreen. Clearly the HUD b.v.a. will need
to be set up so as to match the design b.v.a. of a particular type of windscreen.

Two types of WFO HUDs are currently being manufactured, a dual combiner refractive HUD and a holographic
or diffractive HUD. Figure 5 shows the respective binocular fields of view of these two devices. Itwill be noted that there has been an enlargement of the binocular field of view in both types whichwill affect the visual performance during daylight operations.

Following the introduction of the diffractive LANTIRN HUD oito the F-16 with its double curvature
windscreen, Genco (1983) reported that pilots complained about double and blurred images when sighting
upon a target. After a detailed investigation into the causes of these problems he recommended that
to prevent diplopia, the windscreen and HUD must be considered as one system with a b.v.d.a. of no more
than ± 1 mrad, the onus ultimately lying with the windscreen manufacturer to improve and control the
optical quality of his product. However, doubts have been expressed by manufacturers as to whether,
with current technology, it ii possible to achieve these standards. It has been suggested that an
adjustment of the HUD collimation should be available so that each HUD can be optically matched to its
windscreen during installation,but this contradicts the operational requirement that as Line Replaceable
Units (LRU), the HUD and windscreen should be replaceable independently and not require any adjustment
during installation. Thus, one's attention shifts back to the optical quality of the windscreen.

Before this can be evaluated properly, new test procedures need to be adopted. Current test
specifications for curved windscreens in the UK and in the USA call only for the measurement of absolute
optical angular deviation and not the binocular angular deviation. It is important that the latter be
measured accurately, so that at least the as manufactured b.v.a. of the windscreens be known. With
appropriate information on the consistency of manufacture in the critical area of the windscreen, steps
can be taken to determine what the allowable tolerances for HUDs and windscreens should be in order to
achieve b.v.d.a. limits lying between about -0.3 mrad and +1.0 mrad.

Future Work

The requirement for a night attzck capability will involve the use of night vision goggles (NVGs) with
the FLIR. It was initially felt that the occurrence of these visual difficulties whilst using NVGs
should be investigated. However, it soon became apparent that. the stereo acuity of binocular NVGs was
so poor that not only could the effects not be observed on the focusable HUD rig, but stereoscopic
depth perception itself was practically impossible. In fact the acuity of the goggles is the limiting
factor, this being in the order of between 2 to 4 minutes of arc compared to I minute or much less for
the human eye.

The manner in which this will affect the pilot's capabilities has not yet been ascertained. However,
current lines of investigation in this area include:

- the effect of limited depth perception on the basic flying task
- the effect of a reduction in stereo acuity on weapon aiming
- the decollimating effect of the windscreen upon the FLIR image when viewed through NVGs. -
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Fig 3. FOCUSSABLE VIEWGRAPII HUD PROJECTOR
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SUMMARY

The present trend in military aircraft design towards compact
cockpits, multifunction controls and displays, and integrated
systems within more agile and smaller airframes, has resulted a
greater need for Human Factors involvement in the design of the
man-machine interface. The cockpit of the modern military aircraft
is inevitably a compromise of conflicting design disciplines, and
one in which Human Factors fails to achieve any long term
influence because the discipline lacks the "absolute" argument
necessary for survival in the industrial environvent. If Human
factors are to establish the degree of influence the current
levels of research justify, then a rew approach is necessary. This
approach must recognize tue practical problems associated with the
design and manufacture of the "integrated weapons delivery
system", that future aircraft represent. One possible approach may
be the generation of "Human Factors Design Tools", for use by
engineers, which incorporate human sensory emulations and provide
outputs that can be integrated into the engineering discipline.

INTRODUCTION.

All good fairy stories begin with "Once upon a time ..... and end with " .... and they
all lived happily ever after.* This is no fairy story and there is no Fairy God Mother
to wave her magic wand and transform our Cinderella into a princess.

In principle the cockpit of the modern military aircraft is the culminated effect of
conflicting design disciplines, balanced to produce a work station having a man
machine interface performance which, although a compromise, represents the best
obtainable within tha limits of opposing requirements. Four major influences are
involved: Engineering Design. Operational Capability, Human Factors and Finance.

At the conceptual stage of an aircraft project, when the arguments are nebulous, the
Human Factors discipline is able to influence the cockpit design. Follow the project
through development, production and finally to *in-service" operation and the Human

* Factor consideration has declined to "if the crew will fly it, buy it*. Like
Cinderella in reverse, Human Factors starts as an influential princes* but ends up as
the kitchen maid tolerated but ignored.

In this paper the authors will examine :

1. Why Human Factors is failing to achieve a long term
influence on cockpit design.

2. What effect that failure has on the overall performance
of the aircraft.

3. What ohanges in the Human Factors approach are necessary
to reverse the situation
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4. One example of a new approach where a "Human Factors
Mathematical Model" has found engineering approlal and
is influencing cockpit design.

AICRAFT MANUFACTURERS ROLE.

Prior to the current generation of military aircraft, the U.K. aircraft manufacturer
was performing an airframe design and construction task for a customer who defined the
engine design, weapon systess package and much of the avionics fit. Although
responsible for the provision of a cockpit within the airframe, the general layout of

that cockpit and the allocation of space / interfaces for the customer furnished
equipment, the manufacturer had little say in the design and manufacture of the
individual items or that of the man machine interface performance as a whole. The
majority of the display and control equipment in the cockpit was dedicated to specific
systems. with the design, manufacture and evaluation being carried out in isolation;
indsad some systems were fittad after delivery of the completed aircraft. The
evaluation of a complete interface occurred late in the aircraft development programme
and its performance. as an integral part of the aircraft's operational capability, was
in general the responsibility of the customer and not the airframe manufacturer.

The increased performance of current aircraft and new proposals for more complex
weapons delivery packages, within smaller and more agile airframes, has led to a need
for an integrated systems design approach with data transmission buses and
multifunction display suites taking the place of the multiple dedicated systems. One
result of this integration, is an increase in responsibility for the manufacturer in
the overall performance of the aircraft as a complete weapons delivery system and with
it responsibility for the man machine interface performance as an integral part of the
whole.

The military aircraft construction business has always been competitive and one which
naturally adapts to technology changes. However, the rate of technology change
continues to increase with time and consequently so does the cost of research and
development. The level of investment currently tied up in a given aircraft project is
so high that the pressure to build to a price, in the minimum of development time but
incorporating the most advanced technology possible, dominates proposed designs and
makes compromise a more critical part of the design task.

HUMAN FACTORS IN INDUSTRY.

Traditionally the design of the cockpit was seen as an engineering task with aircrew
providing the necessary human factors and operational inputs. This evolutionary
process where the engineer produced the hardware and a selected number of aircrew
subjectively commented on the ability of the system to fulfill its task, was valid
when the systems were simplistic and the interface relatively uncluttered. As the
systam complexity increasad and the interface performance became more critical to the
overall operational performance of the aircraft, a "love hate" relationship could
develope between engineers and aircrew. where engineers criticized aircrew for not
making up their minds and crews criticized engineer3 for never fulfilling their
promises. The result was a generation of aircraft with cockpits which, if judged by
present design criteria, might be considered as "ergonomic slums", where the lack of
huaan factors involvement in thb cockpit design. prevented the aircrew from fully
exploiting the aircraft's performance capability.

During the last decade the need for human factors involvement in the design of the
interface has been recognized and piecemeal improvements implemented, both at display
component design and cockpit integration level. However, it should be remembered that

cockpits are still designed by engineers, (albeit using human factors design
recommendations), and not by the human factors specialists themselves. At first sight

* this difference may seem slight, in practice it can be critical.

RSION BY COMPROMISEK.

The cockpit design process follows the same pattern as any system in the aircraft.
Conflicting requirements of performance, cost and development time-scale are juggled
to produce a compromise which promises the best return for the development risk
involved. Unlike any aircraft system, the cockpit has man as the primary operating
function and therefore the design process includes factors not normally part of an
engineering discipline. However. the physical design of the cockpit interface is an
engineering task, carried out in an engineering environment and dominated by personnel
with an engineering discipline. Company aircrew, armed with *hands-on experience*,

will provide the subjective operational input and since they can argue that it is they

h ,.
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that take the ultimate risk, they have an undisputed influence on the design. The
industrial human factors speOialist is not so fortunate, for within the environment of
"compromise design by strength of argument" he can be at a distinct disadvantage
because the foundation of his discipline is abstract. Against the engineer's
industrial pedigree of proof by theory and measured practice, he can only put forward
recommendations based on isolated research, or general philosophical arguments based
on collective theory and subjective experience. Against the crew's "fron* end"
argument, he can only plead consideration for susceptibility of human senses to
misinterpretation and the non-representative rature of experimental airorew with
respect to the end user population. In a thrett cornered industrial design debate where
compromise is demanded and finance has the catting vote, human factors losses are
disproportionately high compared to the gains. Once production is underway,
modification, due to unpredicted design probljms or requirement changes, are sought on
a minimum-cost, minimum-programme upset basis, with aircrew under increasing pressure
to overrule human factor considerations with an "undesirable but acceptable" seal of
approval.

The engineerizg pedigree of the aircraft industry has developed because the discipline
is able to use absolute and recorded measurement criteria. The process of theoretical
studies followed by manufacture and practical measured evaluation has produced a
closed loop learning process, which over a period of time permits the knowledge gained
in one project to be extrapolated to the next. Human Factors. because it has few
absolutes and as yet lacks a practical means of measuring performance, is unable to
establish the functioning closed loop learning process and hence fails to develop a
respected pedigree. The Human Factors influence on the design of the cockpit interface
is therefore a short term affair because the discipline is, in practice, ill-equipped
to withstand the rigours of a cost-conscious industrial life.

AIRCRJFT PENIORMANCM.

The aircrew working task in a modern combat aircraft is complex and presents the human
factors researcher with problems when attempting to quantify performance. The trend
has therefore been to concentrate research on isolated aircrew tasks with the hope
that the resultant recommendations will operate collectively. Unfortunately, because
human factors research funding and systems development funding have invariably the
same origin, much of the human factors research is also systems or hardware specific.

The result is that interface performance values for one system will not relate to

another or will collectively contradict. In terms of the individual systems this may
not be a problem; in terms of an integrated approach to the cockpit, it most certainly
is. The effects of cockpit design on the overall aircraft performance are impossible (
to isolate in practice, although an indication as to its influence may be extrapolated
from aircrew error accident statistics.

The need to keep a national airforce in a state of readiness for war time operation
requires that both the training of personnel and the development of aircraft is an
on-going evolutionary process completed within the confines of a peace-time
environment. Accidents resulting in the loss of the aircrew and / or aircraft, due to
the need to train, are therefore considered as an unfortunate but inevitable
occupational hazard. Providing the number of losses per flying hour are low and common
causes not too repetitious, the condition is considered broadly acceptable within the
culture of a particular airforce.

An examination of the accident statistics from one national airforce for the last
twenty years of combat jet operation, has revealed that over this period, accidents
attributed to aircrew error, as a percentage of all causes, has remained almost
constant at 50% even within generally improving loss rates. Unlike the majority of
"other causes" where a single event or condition can result in the loss of the
aircraft, crew error accidents are inevitably the result of compound conditions, where
error or misunderstanding reganding the aircraft or environmental state leads the crew
into false assumptions and actions whIch, combined, result in further error and
eventually an irrecoverable situation.

Examination of the individual accident reports will produce numerous similar I --
statements implying degrees of human failure, typically, the mis-reading of
instruments, the failure to recognize warning conditions, disorientation, and
engrossment in apparently trivial tasks. Taking a different view-point these
statements can be re-written to imply an interface performance failure, is. instrument
presentation ambiguous, warning presentation not sufficiently attention-getting, data L
presented in an inappropriate format, etc. True, in the pure onld light of reoroapect
and in the safe environment of terrafirma, the progression to error may seem
inexplicable or even inexcusable and the interface performance more than adequate, but
in the real-world situation without foresight. how might the interface performance. or

rather lack of it. assist the error progression or fail to arrest it ?

A relative, though admittedly questionable, indication of the effect can be produced
by assuming that all crew are equally susceptible to error and comparing the aircrew
error accident records of two specific aircraft performing similar roles. Taking theZN
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same national air force over the same twenty year period and two specific aircraft.
the percentage of accidents attributed to airorew error are 35% and 65%. respective.
Thus it could be a.gued that in the case of the latter a high percentage of the crew
error was in part due to inadequate interface performance. The authors recognize the
simplicity of the above statistics and the comment it is likely to produce; howeyer,
if viewed as a relative indication rather than an absolute statistic, the point will
justify further thought. If a percentage of airorew error accic~ents can be attributed
to poor interface performance, and these must represent the extreme oases, then how
much is the overall capability of the aircraft, as a weapons delivery platform, being
degraded because the crew are not communicating efficiently with the aircraft and
vice-versa ?

REDUCED DEVELOPMENT RISK.

The previous paragraphs have dealt with the effect that human factors involvement, or
rather lack of it, may be having on the aircraft as a ft-nctioning weapons delivery
system. It is now necessary to examine the implications of increased human facLors
involvement, in terms of the probable cost-effectiveness derived by the manufacturer.

To survive in business, the manufacturer of any avionic component, be it a display
unit or the cockpit as an integral part of an aircraft, cannot afford to support a
more rigorous human factors involvement unless there is a corresponding reduction in
development risk and with it a potential cost saving. Therefore any human factors
approach, hoping to gain a greater influence in cockpit design. is much more likely to
succeed if it recognizes the value of the engineering discipline approach and operates
within its confines. At first sight this would appear to be a difficult hurdle for the
human factors researcher to manage, in practice it can be remarkably easy given
co-operation on both sides. The authors of this paper come from radically differing
disciplines, avionics engineering on the one hand, human factors psychology on the
other, however, by combining the experielce of both in a co-ordinated effort they are
successfully influencing future cockpit desigrs with a "human factors design tool"
generated specifically for engineers, which act only provides for a more successful
cockpit but promises shorter and more cost effective development times.

HUMAN FACTORS DESIGN TOOLS.

The principle of the "human factors design tool" was generated to imply any absolute
measurement system or mathematical process involving human sensory or psychophysioal
emulations which would aid in the prediction of the man machine interface performance.
The "tool" may be an existing system, the CIS 1931 and 1976 Colour Systems being an
example or one generated to perform a specific task. Howevbr the outputs must be in a
form which can be reoognised by or integrated'into an engineering discipline.

Human Factors Design Tools are therefore engineering tools which permit selected
aspects of the interface performance, including the human element, to be evaluated in
absolute terms, without physical hardware, environment or aircrew. At initiation the
process need not be exact or comprehensive, provided it has an absolute foundation and
the limitations are recognized. Performance predictions carried out prior to equipment
manufacture can be validated after build, by objective evaluation using experienced
aircrew and qualified environment. Repeated predictions and validation exercises
carried out during the development of an aircraft project produces a closed loop
learning process, where limitations and errors in the "tool" can be identified and
further research initiated. Using this combined Human Factors / Engineering approach,
has the advantage that the simplistic "tools" can be used and developed inside the
industry, with Human Factors research feeding in up-dates and improvements as they
develope. The tower and accuracy of the "tools" is an accumulation effect with the
experience gained in one aircraft project being directly applicable to the next.
The cockpit man machine interface is complex in the extreme and could never be covered
by one massive predictive design tool or even a multiple set, therefore the authors do

"not see the "Human Factors Design Tools" directly replacing subjective evaluation by
experienced airorew, but given time, they could dramatically reduce the number of
evaluations necessary by increasing the probability of first time success. Recognizing
this fact. the authors concentrated on one sensory interface, the visual system, and
then only one aspect of that system, the ability of the crew to detect cockpit
presented data under the range of ambient lighting conditions expected in the military
aircraft environment. The historical development, practical application and future
possibilities of this "Visual Interface Design Tool" is described here, both as a
demonstration of the technique and as a demonstration of the influence a combined
Human Factors I Engineering approach can have.

N
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VISUAL INTERFACE DESIGN TOOL.

Over the last ten years, the use of emissive display devices in th(, form of cathode
ray tubes has highlighted the difficulty in predicting legibilaty under various
ambient lighting conditions. This, coupled with the introduction of colour, NVGs,
helmet mounted sights and eye protective optics is now forcing display designers to
consider all the cockpit display devices as an integral system, rather than a number
of discrete equipments. Regrettably, until very recently, few designers have been
prepared to admit that this is so.

In 1979, two independent and isolated UK research programmes were initJated, one
within the Royal Aircraft Establishment at Farnborough, the other within the Aircraft
Manufacturing Industry at British Aerospace Warton Division. RAE ricognized the
potential problems associated with the introduction of "Colour" in the cockpit and
sought means of proving its value, whilst BAe, faced witn existing monochrome airborne
displai problems, sought means to define visual performance in more precise terms.
Although their aims and motives were different, both groups soug..t a process by which
display devices could be evaluated at an early stage of concept as to their ability to
convey information, both rapidly and unambiguously, to the pilot under all the variousviewing conditions predicted. The avenue of invectigation taken in each case was the
mathematleal modelling of the various power spectral distributions involved in the
visual performance chain.

Work prog,'essed independently until late 1981. by which time two separate but almost
identical modelling programmes had been developed, one in BAe on a Mainframe Computer,
the other within the RAE on a Microcomputer. The modelling processes operated on
stored spect: tl data associated with the optical properties of all materials
incorporated in the various display options proposed, together with the properties of
the illumination, either natural or artificial, since both emissive and passive
display deviceb are seldom used in zero illumination.

Details of k-w this might be achieved in were first published in 1982 (ref.1) Lnd the
concept was sn,)vn to be practical in 1981 at BAe Warton when a monochrome display
filter was optimis.d for high ambient lighting conditions as part of the Tornado
development programme. The concepts formulated are briefly re-stated here for c'erly.
In Fig.1 a typical coc.cpit display viewing configuration is simply portrayed. Within
this configuration are included elements representing the emissive ambient
illumination (II), the head-down display (E1-3,F2 & F3), along with the filtering
properties which may be attributed to the aircraft canopy (Fl) and helmet-mounted

filter (FM). Within the computer, all these systems components may be stored in termsof their pover spectral properties. Within Fig 2. these spectra -re indicated to the
left of the d 4 a&ram; although they are shown as three discrete types of information,
in concept they azr identical and represent a set of similar structured computer files
which can be easily added and multiplied together. This latter operation permits the
designer to fabricate, within the computer software, alternative display
configurations from either existing or theoretical materials. The software computes
power spectra which would arrive at the pilot's eye and presents them to the designer
in tabular or graphical form. Such data are frequently difficult to interpret in terms
of how they would appear within a display image; however, specialised software may be
used to realise the additional elements within Fig 2. to create chromaticity
coordinates which may be precise:y presented for visual inspection, on a calibrated
colour term...al. A full description of the capabilities of the software has already
been publishti (-ef.2)

The aim of restating this procedure is to indicate how a hardware design problem may
be converted into relatively simple software capable of being hosted on a small
microcomputer. The fidelity of such a procedure is easy to establish by the simple
process of measuring the properties of individual components and their combined
effect, storing the component data, calculating their combined effect and comparing
the later data with those realised by measurement. Experience obtained whilst carrying

, iout practical design problems has indicated that although the software does not return
perfect results, it is sufficiently accurate for most practical design problems. Any
inaccuracies are negligible compared with the major errors created in tho absence of
the design tool.

One major criticism of the procedure is that either it relies upon an expert to
tnterpret the numerical print out, or requires a subjective evaluation to be carried
ou)ut by the design team at tne colour terminal. Unfortunately, neither can accurately
take into account the substantial change in eye adaptation that wý.ll occur due to
ambient illumination. In principle this adaptation can be produced by optical
simulation of ambient on a device proximal to the terminal but in practice this is
difficult due to the size of adautation field required and the large number of varied
ambient geometries and absolute leveis to be considered.

To overcome these criticisms it was deemed necessary to generate a psychophysical data
base which would allow the designer to interpret the numerical output of the software,
taking into account the eyes ability to perceive luminance and chrominanee contrasts
produced by symbology of veious shapes and sizes. Such data were not readily
available from existing publishbd reports, consequently, to fill this void a joint

IN
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research programme was initiated in 1982, which used a large lighting facility in
conjunction with both aircraft and laboratory display equipments, to obtain data from
numerous human observers. As a result of this research it is now possible to cascade
the original software, manipulating the physical materials, with additional software
containing weighting functions for the sensitivity of the "average" human eye under
various viewing conditions. The result is a capability to be able to accurately
predict not only the performance of existing systems but also the combined effect of
display and perception and consequently the detailed design specification future
devices must fulfill, if they are to operate satisfactorily within the aircraft
environment. Figure 3. shows the current model configured for colour CRT display
predictions, in an cockpit high ambient lighting environment, where the PJND
(Perceived Just Noticeable Difference) performance value of a specific target can be
determined from the format dimensions and red, green and blue gun bit drives. (ref.3)

EXTENT OF CURRENT APPLICATION,

Although both the initial software development and the subsequent laboratory trials
were conceived to aid in formulating requirements for both the image formats ar:d
display hardware of colour cathode ray tubes, it was rapidly realised that inh..ent
within the software was the capability of emulating alternative displa%, techno!'gies.
Over the past two years this capability has been successfully employeo to invostigate
numerous display devices and associated optical components including;
monochrome/colour cathode ray tubes, liquid crystal matrix displays, contrast
enhancing filters, illuminant filters, diffractive optic components and dichroic
materials. The software is currently being employed to optimise colour display
formats, determine the compatibility of cockpit displays to night vision goggle
operation and evaluate the implications of using optical protection visors with both
outside world images and cockpit display systems.

THE IMMEDIATE FUTURE.

Despite having overcome many of the deficiencies of the "design tool" by incorporating
psychophysical data, the extensive time-consuming laboratory studies necessary to
acquire such data have prevented the complex effects of image geometry to be fully
represented within the calculations. Work is currently underway to incorporate
algorithms devised from previous investigations within the industry (ref. Paper No.12
of this Symposium). This addition will enable the designer to consider not only the
luminance and chrominance capabilities of display options but also to appreciate the
degradation of visual performance due to the spatial and dynamic noise inher~nt within
the display.

Throughout the development programme, great care has been taken to ensure portability
of the software to make it generally available to designers. To achieve this latter
objective, all current software is microcomputer based and the software package
tailored to run efficiently. It was assumed that portability resulted from the low
cost of purchasing specific hardware, rather than from flexible (complex) software
capable of running on multiple machines. As the programmes are asked to perform more
extensive calculations and the spectral data base library expands beyond the limits of
the existing hardware, the next generation of software may require a more powerful
host processor and/or the use of a nationally-available mainframe network. Currently,
selected industrial users within UK are extending the range of applications, which in
turn is causing a substantial library of materials to be established. Hopefully, the
near future will see a rapid growth of this library, partially due to the increased
use of computer-controlled speotroradiometers in measurement laboratories.

Although the primary objective was to provide a "design tool", one of the secondary
uses to which the t-i1 is being applied is the derivation of provisional design
standards. To this end, BAe Warton Division is in the process of establishing a set of
Company Standards in support of the modelling process, in the hope that this will lead
eventually to National Standards for the industry to which design engineers can refer
when specifying visual performance requirements. The original intention was for the
model to provide simple numerical predictive values but it was realised that this
alone required considerable skill and an extensive appreciation of the complex
interaction of display parameters on behalf of the user. This latter skill may well
lie beyond the expected level of competence of some design engineers; therefore a
benefit the software could provide is to incorporate within its structure suitable
algorithms to indicate the ability of the design to comply with predefined performance

-j figures or standards.
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CONCLUSIONS.

In our well-known fairy story, Cinderella proceeds from rags to riches by being good
and having a Fairy God Mother with magical capabilities that would be the envy of any
aircraft production manager. Our real life Human Factors Cinderella has no magical
benefactor to lift her from the lowly position she presently occupies in industry, to
one her potential capabilities deserve; therefore the battle for recognition is her
own and it will not be an easy one. Human Factors has much to offer the aircraft
industry both in the levelopment of a better and more effective product for the
customer and in its potential ability to save costs and development time by reducing
the trial and error procedures still prevalent in the design of the man machine
interface, but it is time she got up and did something positive to achieve it.

Human Factors research for Human Factors sake is no longer justifiable in an industry
as cost-conscious and competitive as the aircraft industry. Human Factors is no longer
a "science of interest" protected by the clean environment of the laboratory and
shrouded in academic mystery. Human Factors is the new science of industry and as such
must be prepared to fight and survive in that world without favour. The development of
the "human factors design tool" for engineers described in this paper is only one way
in which the cockpit design can be influenced, albeit that influence is small. However
it is a positive step and once established will be difficult to erode, because it has
a foundation of absolutes and is in a language the eL.ineer understands.

Within the aircraft manufacturing industry there ari a small but growing number of
engineers and human factors specialists who both reccgnize the need and support the
argument for a greater Human Factors involvement in design of the cockpit man machine
interface, but whose attempts are too often frustratod because they fight without
support. With the kernel of enthusiasm established in industry and the shift of
cockpit design responsibility brought about by the aplication of systems integration,
an opportunity now exists for large scale co-operative research, with Human Factors
and Engineering collectively working towards integrated cockpit interface designs,
based on integrated Humaui Factors design criteria, derived from integrated research
programmes.

If this paper achieves little else, both authors hope that it has demonstrated that,
given a reasonable degree of understanding and co-operation on both sides, collective

research is both practical and potentially more cost effective than isolated research,
because it relates directly to the "real world" industrial environment, produces
results more in line with the industrial disciplines, and is therefore more likely to
influence the manufactured product. Who knows, it might just be the catalyst to
trigger the change of our poor Cinderella into the Princess Discipline of Cockpit
Interface Design.

R"
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DISCUSSION
Papers 25-26

25. Mr Hulme - UK - Visual Difficulties Associated with Future Windscreen and HUD Integration.

26. Mr Ken Martin - UK - Human Factors: The Cinderella Discipline in Cockpit Interface Design.

Brennan UK: Perhaps you could tell me why we have windscreens where the geometric optical standard is so
bad? Is It too expensive, or Is it too difficult to make better wlndscreens?
Hulme UK: The windscreens that we have measured show that there Is a great deal ot variety, particularly
n-fl-at-windscreens and this needs to be improved. In curved windscreens we believe that there are somedifficuities, particularly as the windscreen gets thicker, In maintaining the optical quality. Forinstance bird-strike resistance is a problem and we have been asked to increase the thickness of thewindscreen to overcome it and at the same time as we increase the thickness of the windscreen we increase

the optical deviation threigh that windscreen.

Brennan UK: Do you have any values for the optical deviation?

Hulme UK: For a 1" thick windscreern you are talking about +2 milliradians. Now this means that as long
as that is known, the HUD can be balanced to that, to get an accurate combination of the two systems.
Marshall UK: In the situation you cite with conventional HUDs, it is relatively easy to control
"collimation to give yu the milliradian accuracy that you want. When you come to curved windscreens, F16
type windscreens, you are now talking about also watting wide angle HUDs which come from diffractive opticsand the capability they give you. I think you are talking about a milliradian accuracy that you are not
going to achieve. Even if you can correct for the cylindrical inaccuracies of the windscreen Itself andthat Is done on the F16 HUD as you probably know, you then introduce the disparities which occur withmovement of your head within the motion box of viewing the HUD. Although they are calculable they cannotbe taken out because moving your head introduces an error of the order that you are trying to eliminate, so
you have an insuperable problem.

I1I
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